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Chapter 1. General introduction
Human periodontitis
The majority of adults experience gingivitis and some degree of periodontitis, inflammatory 
diseases that affect the tooth supporting tissues. In contrast to gingivitis, periodontitis 
involves deeper tissues and implies destruction of connective tissue attachment and adjacent 
alveolar bone (Fig. 1). The disruption and loss of the periodontal ligament from its 
attachment to the cementum, and resorption of the alveolar bone eventually lead to the loss of 
teeth. About the half of the population of the United States is affected by moderate 
periodontitis (Brown & Löe, 1993). Whereas periodontal lesions were rare among young 
adults, 49% of people in the age 35 to 44 showed attachment loss >3 mm. The prevalence of 
periodontitis increases with age, as >3 mm loss of attachment occurred in 67% of people 
from 45 to 54 years old, and in 77% among 55 to 65 years old. Epidemiological studies have 
shown that in older age groups, teeth are more generally affected by periodontitis (Grossi et 
al., 1994; Genco, 1996; Albandar et al., 1997). Severely progressive forms of periodontitis 
cause extensive destruction of tooth-supporting connective tissue and bone in 5-20% of adults 
(Brown & Löe, 1993).
Periodontitis lesion
loss of alveolar bone 
loss of connective tissue attachment 
apical migration of junctional 
epithelium 
ulceration of periodontal epithelium 
subgingival plaque 
inflammatory cell infiltrates 
periodontal pocket and bacteria 
cemento-enamel junction
supragingival plaque
Fig. 1. Schematic representation o f a maxillary left first molar, mesial view. The palatinal 
gingiva and periodontium are healthy, while inflammation o f the buccal periodontium has 
formed a pocket.
As for many infectious diseases, the susceptibility of the host plays a major role in 
initiation and progression of periodontitis. In most cases, gingivitis does not proceed to 
periodontitis, as generally a healthy equilibrium among commensal bacteria and their host 
can be restored (Marsh, 1989). Where periodontal pockets are formed in the tooth-supporting 
tissue, destructive disease might slowly and gradually progress, or more probably prolonged 
periods of equilibrium among infectious agents and host defense would be interspersed with
Healthy periodontium
oral epithelium 
alveolar bone 
periodontal ligament 
root cementum 
connective tissue 
cemento-enamel junction 
gingival sulcus 
sulcular epithelium
tooth enamel
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bursts of active tissue degradation (Socransky & Haffajee, 1997). A lesion may endure 
periodontal disease(s) for years, before clinical signs indicate the subgingival inflammation. 
Damage in an affected periodontal site summarizes the history of destruction in the lesion, 
which is difficult to unravel as so far no measurement method can assess disease activity. 
This is the core of problems for periodontal research and therapy (Page, 1995), as the rate of 
disease progression can differ considerably between patients and between different 
periodontal sites in a mouth.
Diagnosis of periodontal diseases
The progression of disease results in clinical symptoms, which can be categorized as a form 
of periodontitis. In acute necrotizing ulcerative gingivitis (ANUG) or necrotizing ulcerative 
periodontitis (NUP) an acute destruction of the tissue is observed, characterized by tissue 
necrosis, ulceration, pain, and bleeding. Different forms of early-onset periodontitis (EOP), 
i.e. localized juvenile periodontitis (LJP), generalized juvenile periodontitis (GJP) and rapidly 
progressive periodontitis (RPP) are characterized by the age of onset (usually post-pubertal), 
the extent and severity of destruction, by the often characteristic microbiota, and partly by 
associated pathological and immunological features. Periodontitis developing at an age above 
35 would be categorized as adult periodontitis (AP). As periodontitis is rarely observed 
before this age, it is the most common form of periodontal disease. In addition, a relative 
resistance to repeated routine therapies to control the progression of periodontal destruction 
characterizes refractory periodontitis. However, as the rate of progression of periodontal 
diseases may vary in time at any age, these clinical categories for diagnosis show overlap and 
require revision (Consensus Report, 1996; Academy report, 1999).
Current clinical observations of periodontal lesions appear inadequate for accurate 
prognosis. As the final category, refractory periodontitis indicates, routine therapy fails to 
control disease progression in a recognizable number of patients and sites. Besides the in part 
unpredictable negative effects of failing therapy, the positive effects of successful treatment 
are only temporary and consequently, treated patients remain under maintenance care to 
prevent expectable disease recurrence.
The anatomy of the oral cavity makes it a unique site of defense for the human body. All 
surfaces, including skin, gut, eye, ear, nose, and mouth are inhabited by commensal bacteria, 
which are generally protective by offering colonization resistance (van der Waaij, 1982). 
Teeth are the sole structures passing through the integument, and offer a solid surface for 
colonization instead of layers of cells that shed. It could be considered miraculous that these 
gates in the protective layers can be controlled for many years in a lifetime, and that the 
defense systems manage trespassers in most cases without causing severe inflammations.
Bacteria in the etiology of periodontitis
The period from 1880 to 1930 was a successful one for the discovery of periodontal 
pathogens. Several groups of bacteria were reported to be associated with lesions of 
destructive periodontal disease, such as spirochetes and fusiforms. Invading Gram negative
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rods were observed in the connective tissue, and vaccines were developed for microbial 
control (reviewed by Socransky & Haffajee, 1994). However, from about 1925 to the early 
1960's, the concept of the infectious nature of periodontal diseases was abandoned, and the 
recognition that treatment should be directed at the causative agents fainted. In this period the 
approach of periodontal disease changed, bacterial specificity was ignored and bacterial 
plaque was considered as a heterogeneous bacterial mass, merely triggering the destructive 
host response. Clinicians would often, and still do, treat the disease by a routine therapy, 
minimally influenced by the bacteria that may cause the problems. Failing treatment could be 
put down to the patient or the therapy, without evaluation of its effects on the destructive 
factors in the periodontal lesion.
Today, the processes that cause the initiation of attachment loss, whether alterations in 
the microbiota, fluctuations in host defense mechanisms, or other factors, are still poorly 
defined. As inflammatory responses from the host release destructive defense mechanisms 
into the periodontal pocket, and most bacteria forage in the created degradation, identification 
of causative factors is complicated. "The pathology of periodontitis lesions are characteristic 
of, and consistent with, a subversion of host defenses against bacterial plaque pathogens and 
subsequent activation of bacterially-induced host-mediated processes that destroy periodontal 
tissues" (American Academy of Periodontology, 1999). Certain bacterial species are 
recognized to be etiologically involved in certain forms of periodontal diseases, but several 
unidentified pathogens may be responsible for other pathological forms of periodontitis 
(Socransky & Haffajee, 1992).
Periodontal pockets are inhabited by a complex microbiota, wherein more than 500 
different bacterial species have been detected (Moore & Moore, 1994). Subgingival plaque is 
predominated by anaerobic Gram negative rods. From one periodontal pocket 30 to 100 
species may be recuperated (Haffajee & Socransky, 1994). Subgingival microorganisms play 
a primary role in the etiology of periodontal diseases (Socransky, 1977, 1994). Removal of 
supragingival and subgingival plaque are effective in controlling both gingivitis and 
destructive periodontitis. Moreover, the use of antibiotics was successful for the alleviation of 
acute necrotizing ulcerative gingivitis (ANUG), and for many patients antibiotic treatment 
improved the effects of mechanical therapy of localized juvenile periodontitis, rapidly 
progressive periodontitis, adult periodontitis, refractory periodontitis and recurrent 
periodontitis (Socransky & Haffajee, 1994; van Winkelhoff et al., 1996). Although the effects 
of antibiotics show the essential role of bacteria in the etiology of periodontitis, they do not 
show which species are pathogens.
Suspected periodontal pathogens
The guiding principles for defining a causal relation between an infectious agent and a 
disease have been proposed by Koch in 1880. As a consequence of the particular nature of 
periodontal diseases, and the complexity of the involved microbiota, Socransky (1977) and 
Haffajee (1994) reformulated the postulates of Koch as approaches to gain evidence for the 
identification of periodontal pathogens. The first proposed criterion is that of association: the
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species should be present more frequently and in higher quantities in cases of active disease 
than in healthy sites of individuals, without overt disease or with different forms of the 
disease. Secondly, elimination of a pathogenic species by treatment should be accompanied 
by a concomitant remission of disease. A third criterion concerns the host response, as 
exposure of underlying periodontal tissues to pathogenic species should provoke an immune 
response, which can be measured as the level of antibodies produced against that species. A 
fourth guideline for the pathogenicity of a species form its virulence factors, these 
biochemical and physiological properties can indicate a role of the species in disease activity. 
In addition, animal model systems can suggest such pathogenic potential of a periodontal 
species. Furthermore, examination of microbial changes in periods of active development of 
the disease, such as in the transition from gingivitis to periodontitis may suggest a role for 
species in disease initiation. Another approach is to study transmission of species from a 
periodontitis patient to the spouse or family members and to monitor the sites of 
transmission.
The use of recently developed techniques permitted to identify several novel pathogenic 
bacteria and viruses that are still uncultivable in pure culture or animal models and 
consequently, cannot fulfill criteria for reproduction of disease. Therefore, new criteria were 
and will have to be proposed (Fredricks & Relman, 1996). Although not all criteria for proof 
of disease causation can be fulfilled, such new tools for the identification of pathogens 
appeared to present useful approaches for therapy. Therefore, it is not considered desirable to 
apply such proposed criteria exclusive for putative pathogens. Considering the complexity of 
the interactions between host and pathogen, these criteria should be considered as guidelines 
for the evaluation and the comparison of evidence for different potential pathogens (Table 1). 
According to the above-mentioned criteria the best evidence has been obtained for the role of 
Actinobacillus actinomycetemcomitans and that of Porphyromonas gingivalis in periodontal 
diseases (reviewed by Haffajee & Socransky, 1994; van Winkelhoff et al., 1996; Slots & 
Ting, 1999; Socransky et al., 1999).
A. actinomycetemcomitans is a small, Gram negative, facultatively anaerobic rod. It 
shows an association with localized juvenile periodontitis. Patients with LJP show an 
elevated antibody response against A. actinomycetemcomitans. The species produces e.g.
Table 1. Relative strength o f evidence for implication in periodontitis o f suspected pathogens.
Very strong Strong Moderate Preliminary
A. actinomycetem- B. forsythus S. intermedius Selenomonas sp.
comitans
P. gingivalis P. intermedia P. nigrescens Gr-neg. enteric rods
spirochetes of ANUG C. rectus P. micros Staphylococcus sp.
E. nodatum F. nucleatum B. gracilis
Treponema sp. Eubacterium sp.
E. corrodens
According to reference: Haffajee & Socransky, 1994.
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various toxins and hydrolytic enzymes, by which it can invade gingival tissue, impair host 
defense, degrade tissue components, and hamper tissue repair. A. actinomycetemcomitans has 
also been involved in adult periodontitis, but in much lower frequencies and in lower 
numbers than in lesions of LJP. The association of this species with localized juvenile 
periodontitis follows from the fact that 50-89% of young adults with periodontitis harbor A. 
actinomycetemcomitans, while it is present in about 15% of young adults without periodontal 
disease (Slots et al., 1990; Rodenburg et al., 1990; Slots & Ting, 1999). Among adults, A. 
actinomycetemcomitans has been detected in 30-40% of patients with AP. Mechanical 
therapy alone is not sufficient for suppression of A. actinomycetemcomitans in the majority of 
deep periodontal pockets. On the contrary, the partial treatment often leads to the outgrowth 
of this pathogen (Renvert et al., 1990b; Mombelli et al., 1994; Takamatsu et al., 1999), while 
adjunctive treatment by systemic amoxicillin and metronidazole or other appropriate 
antibiotics is often effective for suppression of A. actinomycetemcomitans (van Winkelhoff et 
al., 1996; Slots & Ting, 1999).
P. gingivalis has Gram negative, anaerobic, pleiomorphic cells, which are generally 
coccoid to short rods. On blood agar plates it forms brown to black colonies, like other 
members of the black-pigmented Bacteroides group that were formerly studied as one 
suspected pathogen, Bacteroides melaninogenicus. Since the late 1970s several species have 
been recognized among the black-pigmented Bacteroides, including the asaccharolytic P. 
gingivalis, and Prevotella intermedia with intermediate level of carbohydrate fermentation 
(Haffajee & Socransky, 1994). P. gingivalis is considered a major pathogen of adult 
periodontitis (reviewed by Slots & Ting, 1999). Subgingival P. gingivalis occur in about 10% 
of healthy adults, while 40-100% of patients with adult periodontitis may harbor the species 
(Loesche et al., 1985; Rodenburg et al., 1990; Wolff et al., 1993; Griffen et al., 1998; 
Listgarten et al., 1999; Slots & Ting, 1999). Furthermore, P. gingivalis has been associated 
with localized juvenile periodontitis in 37-63% of patients (Slots & Ting, 1999). Elimination 
by therapy, and elevated levels of antibody against P. gingivalis, supported its role in various 
forms of periodontitis. The species produces a large number of hydrolytic, proteolytic and 
lipolytic enzymes that can degrade tissue components and host defense mechanisms. In 
particular its proteases may play a critical role in periodontal disease progression by 
liberating peptides, iron from iron transport proteins, and degrading complement mechanisms 
and immunoglobulins (H.-J. Jansen, 1996; Holt et al., 1999). P. gingivalis produces several 
other virulence factors including several toxic metabolic end products such as fatty acids, 
ammonia and hydrogen sulfide, and it possesses fimbriae, lipopolysaccharide, and capsule for 
invasion and colonization of host tissue. Mechanical therapy can be effective in elimination 
of P. gingivalis, especially in combination with administration of antibiotics (van Winkelhoff 
et al., 1996; Slots & Ting, 1999).
Spirochetes were described in dental plaque by Antonie van Leeuwenhoek as early as in 
1686, and since the end of the 19th century they have been associated with periodontitis. 
These bacteria are frequently detected in plaque or on the tongue of healthy subjects, they are 
associated with sites of developing disease (Riviere et al., 1997, 1998), and increase as
6
Chapter 1. General introduction
gingivitis and periodontitis advance (Listgarten & Levin, 1981; Armitage et al., 1982; 
Loesche, 1988; Moore & Moore, 1994). However, since most spirochetes will not grow 
under standard culture conditions, their detection, identification and characterization is 
hampered. At least 11 species of subgingival spirochetes have been described (Wyss et al.,
1999), all belonging to the genus Treponema. Yet, the diversity among oral spirochetes 
appears to be larger, and pathogen-related oral spirochetes were shown to differ in vitro in 
invading properties from most cultivable strains (Moter et al., 1998; Riviere et al., 1991). As 
some species may be more pathogenic than others, the role of different spirochetes in 
periodontal diseases is still ill defined. In the past decades, Treponema denticola has been 
identified as a potential periodontal pathogen. By immunodetection its presence has shown to 
be related with sites not responding to therapy, while reduction of T. denticola was associated 
with improved periodontal health (Simonson et al., 1992). The virulence of this cultivable 
spirochete was ascribed to the various proteolytic enzymes of T. denticola, but as intact cells 
cannot degrade major serum proteins, these are dependent on other proteolytic bacteria in the 
periodontal pocket (Hollmann & van der Hoeven, 1999).
The taxonomical level of identification of spirochetes and other suspected periodontal 
pathogens may be important, as also within a species strains may differ in virulence. 
Serotyped and genotyped strains of A. actinomycetemcomitans were persistent, and 
recolonized a lesion after treatment (Saarela et al., 1999). Different clones of A. actino­
mycetemcomitans can vary considerably in the production of leukotoxin (Bueno et al., 1998; 
Slots & Ting, 1999). Serotypes of P. gingivalis with a distinctive encapsulation were 
associated with an earlier onset of periodontitis in patients (Laine et al., 1997). Clonal types 
of A. actinomycetemcomitans and P. gingivalis thus may differ in expression of virulence, 
which may implicate specific clones of a species in destructive periodontitis.
The above-mentioned species are examples of periodontal pathogens implicated in 
periodontal diseases, which can be indicative for therapy. Other putative pathogens in 
subgingival plaque are Fusobacterium nucleatum, which is principally implicated in 
gingivitis and initiating periodontitis (Moore & Moore, 1994), Bacteroides forsythus, 
Campylobacter rectus, Eikenella corrodens, Eubacterium  species, Peptostreptococcus 
micros, Prevotella intermedia, and Selenomonas species (Table 1). Anaerobes including P. 
gingivalis, spirochetes, and B. forsythus have been detected in at least 50% of patients with 
adult periodontitis (Dzink et al., 1988; van Winkelhoff et al., 1988; Haffajee et al., 1994, 
1998; Colombo et al., 1999).
In addition to the particular nature of periodontal diseases and the complexity of the 
involved microbiota, many technical difficulties hamper the identification of periodontal 
pathogens (Socransky, 1977). The physiology of pockets impedes obtaining a representative, 
uncontaminated sample, and the subgingival plaque must be sufficiently dispersed without 
killing its inhabitants. Many of the subgingival species are fastidious or impossible to culture, 
and difficult to identify. Therefore, several inhabitants of periodontal plaque have been 
studied far less extensively than the above-mentioned species. More insight in interactions 
within the complex subgingival ecology may be useful for the development of new
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combinations of diagnostic tests, with improved diagnostic value for treatment and 
maintenance of periodontal diseases (Consensus Report, 1996).
Sulfate-reducing bacteria in natural environments
In 1895, W. M. Beijerinck reported for the first time the isolation of a sulfate-reducing 
bacterium, Spirillum desulfuricans, from a canal in Delft, The Netherlands (Precisely a 
hundred years later, the presence of sulfate-reducing bacteria in periodontal pockets was 
reported and the work for this thesis started). The species that he isolated had curved motile 
cells, and would later be known as Desulfovibrio desulfuricans (Widdel, 1988; Voordouw,
1995). Beijerinck found that the levels of these bacteria were increased in the malodorous 
periods of the city canals after sewage pollution, and noted the importance of microbial 
production of hydrogen sulfide (recognizable by the scent of rotten egg).
The term sulfate-reducing bacteria (SRB) describes an assemblage of strictly anaerobic 
microbes that accomplish the dissimilatory reduction of sulfate to hydrogen sulfide. This 
process, which is carried out in the absence of oxygen, has also been called 'sulfate 
respiration' as sulfate replaces oxygen as electron acceptor for energy generation. The overall 
reaction in the degradation of organic matter by dissimilatory sulfate reduction would be as 
followed:
2  [CH 2O] + SO 42- -► 2  H C O 3- +  H 2 S
One molecule of sulfate accepts 8  electrons in this conversion, while one molecule of nitrate 
accepts 5 electrons in denitrification to N2 and one molecule of O2 accepts 4 electrons in 
respiration to H2O by aerobes. Although sulfate is an efficient sink for electrons, two high- 
energy phosphate bonds from ATP are used for sulfate reduction. Therefore, SRB may 
abundantly accumulate sulfide, while gaining little energy for growth. The major growth 
product of SRB is bisulfide anion (HS)  that will form the gaseous hydrogen sulfide, and 
which is why they have also been called sulfidogenic bacteria (Singleton, 1993). However, 
this appellation may be confusing as several other groups of bacteria can liberate sulfide from 
other substrates, such as proteins. Produced sulfide reacts with iron (II) ions to form the black 
precipitate FeS.
Until the late 1970s, limited anaerobic culture techniques had confined detection of SRB 
to species of the genera Desulfovibrio, which stains Gram negative, and of 
Desulfotomaculum, which is Gram positive and forms spores. Still, most of our knowledge on 
dissimilatory sulfate reduction is based on studies of desulfovibrios, which are relatively easy 
to culture and to manipulate in the laboratory. The substrate utilization of these bacteria was 
considered as relatively specialized and narrow.
Since 1977 a heterogeneous variety of new genera and species have been discovered 
(Widdel & Pfennig, 1984), which are morphologically and nutritionally diverse, and included 
the extremely thermophilic archaeal Archaeoglobus. Several among the new mesophilic 
strains grow at a lower rate than Desulfovibrio spp., but are much more versatile and can
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oxidize organic compounds beyond acetate to CO2 (Widdel, 1988). These have been 
categorized as "completely oxidizing sulfate-reducing bacteria" (Hansen, 1993) and include 
e.g. Desulfobacter spp., Desulfococcus spp., Desulfosarcina spp., Desulfonema spp., and 
Desulfobacterium spp. (Devereux & Stahl, 1993). The incompletely oxidizing sulfate- 
reducing bacteria usually lack a biochemical pathway for oxidation of acetyl-CoA to CO2 
(Hansen 1993), and include e.g. Desulfovibrio spp., Desulfobotulus sp., and Desulfobulbus 
spp. The revolutionary broadening of the diversity in morphological, physiological and 
biochemical properties among SRB was affirmed by phylogenetic analyses (Castro et al., 
2000). From the comparison of 16S rRNA sequences, the mesophilic Gram negative SRB 
were grouped within the delta subdivision of the proteobacteria (Stackebrandt et al., 1988; 
Devereux & Stahl, 1993). According to the phylogentic analyses these SRB clustered in 
separate families, Desulfovibrio and related genera belonged to the Desulfovibrionaceae 
(Devereux et al., 1990), while the other genera are proposed to be grouped together as 
Desulfobacteriaceae. Improved culture techniques that could not only ameliorate anoxic 
conditions but would also maintain media in low redox potential allowed for the discovery of 
many of these divergent bacteria, which are still being isolated and identified from various 
natural environments.
Sulfate-reducing bacteria appear omnipresent and occur in sediments of nearly all natural 
waters (Widdel, 1988). In freshwater sulfate is considered to be limiting for SRB activity, but 
in seawater a high concentration of 28 mM of sulfate is available. In consequence, SRB can 
be found in marine sediments where oxygen becomes limited.
Activity of SRB creates considerable economical losses by causing corrosive damage to 
oil installations and sewage treatment plants. The SRB cause extensive metal corrosion of 
drilling and pumping machinery, pollute petroleum products with hydrogen sulfide, and 
cause major costs by corrosion of buried pipelines. Furthermore, sulfidogenic activity induces 
precipitation of iron in industrial water and thereby causes plugging of pipes, and blackening 
of products, such as paper (Singleton, 1993; Widdel, 1988).
Besides their economical impact, SRB are of evolutionary importance by their wide 
taxonomically and physiological diversity. Geochemical isotope analyses of sulfur deposits 
indicate that biological sulfate reduction is an ancient process, and dissimilatory sulfate 
reduction is thought to have become widespread 2.8-2.0 x109 years ago. Sulfate probably was 
not available under assumed earliest reducing conditions, but SRB seem to have evolved 
concurrent with oxygenic photosynthetic cyanobacteria, before aerobic respiration developed 
on earth. The present diversity among sulfate reducers ranges metabolically from strictly 
fermentative pathways to energy-conserving electron transport, which may represent stages 
of bioenergetic evolution.
9
Chapter 1. General introduction
Sulfate-reducing bacteria in anaerobic degradation
Sulfate-reducing bacteria are involved in systems of anaerobic degradation as terminal 
degraders. In e.g. sediments or biofilms with a high organic load, microbial oxidation of 
biotic material will quickly deplete free oxygen. In polluted environments the organic 
turnover will be high and because of the slow diffusion of oxygen in water, the oxic zone is 
restricted to a thin upper layer of the sediment. Subsequently, most bacteria in such 
environments will be equipped with alternative pathways for anaerobic degradation, although 
these will yield less ATP than aerobic degradation. Organic electron acceptors will be used in 
fermentation reactions (Fig. 2). Accordingly, degradation of organic matter, such as proteins 
and carbohydrates, will result in accumulation of fermentation products, like fatty acids, 
ethanol, CO2 and H2. Specialized bacteria that utilize alternative electron acceptors for 
respiration consume such low energy remnants. Sulfate-reducing bacteria and methanogens 
can perform this terminal step in the degradation of organic matter, and convert the leftovers 
from cellular material mainly to gaseous products, such as CO2 and CH4.
carbohydrates, proteins
fermentative 
________ bacteria
fatty acids C 3-8, alcohols, lactate, 
acetate, formate, CO2,H 2
terminal degraders
CH4, CO2
Fig. 2. In a typical anaerobic system for degradation o f organic matter, the bulk o f bacteria 
grow fermentative. Products from fermentation o f carbohydrates and proteins will 
accumulate and can be further utilized by terminal degraders, such as sulfate-reducing 
bacteria and methanogens. These use external electron acceptors, sulfate or carbon 
dioxide, respectively, for the final step in the degradation process.
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In the degradation process this final step by terminal degraders can be of importance for 
consortia with other anaerobic species. For oxidation of fatty acids, alcohols or amino acids, a 
sink for formed hydrogen can make the conversion energetically more favorably for the 
fermenting species (Fig. 3). Sulfate-reducing bacteria can be involved in such interspecies 
hydrogen transfer, and with this syntrophic relationship they increase the growth of other, 
fermenting bacteria. Accordingly, in most natural environments monomeric organic carbon 
compounds are converted by, or in collaboration with, a terminal degrader using anaerobic 
respiratory pathways (Zehnder & Stumm, 1988).
The activity of SRB in natural environments can be apparent, e.g. by the smell of 
hydrogen sulfide already described by Beijerinck. This compound is rather volatile, and can 
be recognized even at a low concentration of >0.2 ppm (Widdel, 1988). Furthermore, SRB 
color sediments sometimes visibly black due to iron sulfide precipitation. The sulfidogenic 
activity of SRB can develop in waterlogged soils, such as rice paddies where SRB are 
common, and the subsequent accumulation of H2S often causes the deaths of the plants. 
Hydrogen sulfide is highly toxic to plants, animals, humans, and all other living cells, causing 
lethal effects in a way similar to cyanide. Cellular damage from the toxic gas is probably 
caused by reaction with alkali metals in vital metallo-enzymes such as cytochrome oxidase. 
As additional toxic mechanism the reduction of disulfide bridges in proteins has been 
proposed (Beauchamp et al., 1984). Human exposure to a H2S concentration equivalent to 1 
mg/l will cause unconsciousness, ceasing of respiration and death. In eutrophic waters the 
zone of sulfate-reducing activity may extent upward from the bottom, and produced hydrogen 
sulfide poisons fish, crayfish and other ground-dwelling animals, and plants (Widdel, 1988). 
In industrial and wastewater systems escaping hydrogen sulfide may become dangerous for 
humans under poorly ventilated conditions.
Although the growth of SRB is restricted to anoxic environments, the bacteria can 
survive temporary exposures to oxygen as in soils and sediments, ready to develop if organic 
matter accumulates under anaerobic conditions. By uptake of oxygen, other bacteria can 
create opportunities for SRB, and permit them to grow in microniches within oxic 
environments. Accordingly, SRB grow e.g. in biofilms and microbial mats exposed to air 
(Santegoeds et al., 1998; Okabe et al., 1999; Canfield & Des Marais, 1991; Bade et al., 2000). 
Oxygen can react with accumulated hydrogen sulfide, and produce again electron acceptors 
for SRB. Furthermore, several types of SRB are capable of fermenting organic substrates in 
environments where sulfate availability becomes limited. In addition, SRB possess 
physiological properties allowing them to degrade a broad spectrum of organic substances 
(Hansen, 1993). Therefore, SRB appear much more versatile then was considered before.
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A) Respiring bacterium
C) Fermenting bacterium + Respiring bacterium
Fig. 3. Represented are three possibilities for oxidation o f organic matter. In the case o f 
respiration, the organic substrate is oxidized by concomitant reduction o f an inorganic 
electron acceptor in the same organism. In this example o f SRB, sulfate serves as electron 
acceptor (A). In the absence o f inorganic electron acceptors, bacteria can use part o f the 
organic substrate as electron acceptor and excrete the reduced organic substances and 
hydrogen, a process called fermentation (B). The final case combines both processes in a 
syntrophic relationship. One o f the organisms oxidizes the substrate and the liberated 
electrons are transferred to a second microorganism in the form of hydrogen. The second 
organism oxidizes the hydrogen generally with an inorganic electron acceptor and serves as 
an electron sink for the first organism (C). Therefore, this interspecies hydrogen transfer is 
energetically favorable for both organisms. In the gastrointestinal tract liberated fermentation 
products (B) can be taken up by the host, while in most natural habitats monomeric organic 
carbon compounds are degraded according to process A and/or C.
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SRB as inhabitants of human hosts
In humans and other animals, sulfate-reducing bacteria are common inhabitants of the gastro­
intestinal tract (Gibson et al., 1988, 1991; Willis et al., 1997; Lin et al., 1997). About 55% of 
healthy persons harbor significant populations of SRB in feces (Gibson et al., 1988; Florin et 
al., 1990; Pitcher et al., 2000). Among the intestinal SRB, members of the genera 
Desulfovibrio, Desulfobacter, Desulfomonas, Desulfobulbus and Desulfotomaculum were 
identified (Gibson et al., 1991).
Gibson et al. (1991) isolated Desulfovibrio species as the predominant SRB in the colon, 
especially among patients with ulcerative colitis where 92% of the SRB were identified as 
Desulfovibrio desulfuricans. Bacterially produced hydrogen sulfide may be involved in this 
inflammatory bowel disease, as the levels of that toxic product were elevated in colitic 
patients (Gibson et al., 1991; Pitcher et al., 2000). Besides SRB as bacterial producers of H2S 
in the gut, also fermentative proteolytic bacteria can liberate H2S from sulfur containing 
aminoacids, cysteine and methionine. The latter metabolic pathway was suggested to partake 
in ulcerative colitis, as a recent study indicated that a low protein diet could be clinically 
beneficial (Roediger, 1998). There is still little evidence for an etiological role of intestinal 
SRB in the disease, although SRB occurring in ulcerative colitis showed a relatively fast rate 
of growth, and may in some cases substantially contribute to colonic accumulation of 
hydrogen sulfide (Gibson et al., 1991; Pitcher et al., 2000).
An intracellular bacterium related to Desulfovibrio desulfuricans causes proliferative 
bowel disease in several animals. Proliferative enteritis manifests as bloody, watery diarrhea 
and anorexia in affected animals, it may become chronic, and causes weight loss, poor 
growth and occasionally death. The disease is common among pigs, resulting in important 
costs for the swine industry. Proliferating enteric cells contain obligate intracellular Gram 
negative, curved or rod-shaped bacteria. Transmission studies have shown that this bacterium 
is the causative agent of proliferative enteritis in pig (Lawson et al., 1993). Strains have been 
isolated from the pig, deer, ferret, hamster, and ostrich and these appear antigenically and 
genetically similar to the porcine isolate, Lawsonia intracellularis (Fox et al., 1994; Cooper 
et al., 1997). Although the 16S rRNA sequences of these parasites are most related to 
Desulfovibrio desulfuricans, the sequences are clearly distinct from desulfovibrios, and 
Lawsonia intracellularis is an obligate intracellular organism, which cannot be grown in cell- 
free media.
Infections with SRB involved are rare among humans. In 1977 a first case of SRB 
implicated in human infection was reported. In Long Beach, California, anaerobic Gram 
negative, curved rods were isolated from the blood of an elderly man with abnormal liver 
function, epigastric and chest pain, and these were identified as Desulfovibrio desulfuricans 
(Porschen & Chan, 1977). Ten years later, Johnson and Finegold reviewed the sporadically 
occurrence of infections by motile, anaerobic Gram negative rods. Over 12.5 years these 
bacilli were detected in 13 (0.9%) of 1523 samples containing anaerobes. One Desulfovibrio 
was found, which was Desulfovibrio vulgaris isolated as the only bacterium from peritoneal 
fluid from a patient with an abdominal abscess (Johnson & Finegold, 1987). In addition, two
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Desulfovibrio species were isolated from appendiceal tissue and peritoneal fluid, one from a 
patient with acute appendicitis and one from a patient with a perforating appendicitis (Baron 
et al., 1992). Recently another strain of a Desulfovibrio sp. was isolated from a polymicrobial 
brain abscess (Lozniewski et al., 1999). As the patient showed poor oral hygiene, gingivitis 
and carious teeth it was suggested that the strain originated from the mouth.
In 1996, Tee et al. isolated a Desulfovibrio desulfuricans-like organism from a pyogenic 
liver abscess. The patient was an elderly man in Fairfield, Australia. Analysis of the complete 
16S rDNA sequence of the strain indicated that it could be considered as a new species, 
belonging to the genus Desulfovibrio. In 1997 a second strain was isolated from the blood of 
a patient with acute onset of pyrexia (abnormal temperature and pulse), unrelated to the 
patient described by Tee et al. and from a distant location in Australia (McDougall et al., 
1997). Phenotypically the organism was consistent with Desulfovibrio spp., and genetic 
analysis by 16S rDNA sequence comparison revealed that this isolate was identical to the 
new species proposed by Tee et al. The species was partially described and provisionally 
named Desulfovibrio fairfieldensis. In 1999, a third strain was isolated from urine of a patient 
with a urinary tract infection and meningoencephalitits, in Marseille, France (La Scola & 
Raoult, 1999). The 16S rDNA sequence appeared identical to that of the provisionally named 
Desulfovibrio fairfieldensis.
Recently, a fourth strain of Dv. fairfieldensis was recovered as the only bacterium 
present in the blood of a patient, in Lorraine, France. Eight strains of Desulfovibrio spp. were 
identified, which were obtained over 5 years from abdominal or brain abscesses, or blood 
(Loubinoux et al., 2000). In three other patients Dv. fairfieldensis was isolated from mixed 
infections from blood and abdominal abscesses. From another three patients, 4 different 
Desulfovibrio desulfuricans strains were isolated, from a brain abscess, an appendicular 
abscess, an abdominal wall abscess, and from blood. Thus, strains from different 
Desulfovibrio species have been obtained from human infections, and it has been suggested 
that Dv. fairfieldensis is a potential human pathogen.
In recent years, the occurrence of SRB in the human oral cavity has been reported (van 
der Hoeven et al., 1995; Willis et al., 1995). The SRB occurred in 14% of 36 Dutch subjects 
with good oral hygiene at least in one sample of oral mucous tissues or gingival sulcus (van 
der Hoeven et al., 1995; Langendijk et al., 1999). Among 42 British subjects who refrained 
for 24 hours from oral hygiene procedures 93% harbored oral SRB (Willis et al., 1995, 1999). 
The SRB and sulfate-reducing activities could be detected on buccal mucosa, vestibulum, 
palate, tongue, and with a higher frequency in saliva (Willis et al., 1999) and in plaque 
(Willis et al., 1995; Langendijk et al., 1999). Therefore, SRB are commensals belonging to 
the normal oral microbiota, which could grow in sites with little access of oxygen, or 
developing biofilms.
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Implications of periodontal SRB for the host
In periodontitis patients the frequency of SRB presence was significantly higher in pockets in 
comparison with healthy oral sites (van der Hoeven et al., 1995; Langendijk et al., 1999,
2000). While only 10% of the patients harbored SRB on healthy oral mucosa, the frequency 
of SRB presence in pockets was 58-72% of the patients. Methanogens were found in 63% of 
8  advanced periodontitis patients (Belay et al., 1988), and in 77% of 48 periodontitis patients 
(Kulik et al., 2001), suggesting that they occur with a frequency similar to that of SRB in 
periodontal pockets.
A potent virulence factor of SRB is the dissimilatory reduction of sulfate to hydrogen 
sulfide. In contrast with sulfidogenic proteolytic bacteria, this conversion is an energy- 
generating and major process for SRB. The product H2S is a strongly toxic reagent, harmful 
for cells of the periodontal tissue as well as for bacteria. For humans, the reported lethal 
concentration for inhalation corresponds with 0.04 mM H2S (Beauchamp et al., 1984). 
Accordingly, H2S is one of the most toxic metabolites produced by oral bacteria. In 
periodontal pockets elevated concentrations of H2S have been detected (Rizzo, 1967), and 
higher levels correlated with increased pocket depth (Persson et al., 1992). In pockets with a 
depth >5 mm, H2S levels of 0.08-1.90 mM were measured. In such pockets H2S reached 
concentrations far beyond the toxic level (Ratcliff & Johnson, 1999).
Theoretically, sulfate levels as present in serum could account for these detected 
amounts, as catabolic reduction by SRB yields equimolar accumulation of sulfide (Postgate, 
1984). An additional source of sulfate could be liberated from proteoglycans in the 
extracellular matrix of the connective tissue. The proteoglycans contain highly polymerized 
side-chains of sulfated disaccharide units, and the sulfate from glycosaminoglycans might 
serve as electron acceptor for SRB (van der Hoeven et al., 1995). Our hypothesis is that 
abundance of SRB in a periodontal pocket depends upon the liberation of sulfate from these 
components of the connective tissue, and thus indicates active periodontal tissue degradation.
Accumulating H2S can have a second toxic action by reacting with protein disulfide 
bonds. This may affect polymorphonuclear leukocytes by interfering with the opsonization of 
bacteria, thus leading to suppression of the immunological defense in a pocket (Granlund- 
Edstedt et al., 1993). Therefore, the presence of sulfate-reducing bacteria in a periodontal 
pocket could be indicative of the state of disease.
Therapy by removal of periodontal plaque
The elimination of a periodontal pathogen in destructive periodontal disease should be 
accompanied by a remission of disease. Therapy for periodontal diseases is based on 
mechanical periodontal debridement. Treatment can consist of a combination of 
supragingival plaque control with oral hygiene instructions, scaling and root planing, surgery 
and /or chemical therapy including antibiotics (Lowenguth & Greenstein, 1995; Machtei et 
al., 1998; Slots & Ting, 1999).
The clinical effects of treatment by scaling and rootplaning (SRp) in combination with 
oral hygiene instructions and supragingival plaque control generally include reduction of
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bleeding on probing, gain of attachment, and a reduction in pocket depth of most periodontal 
pockets, particularly for pockets deeper than 6  mm (Lowenguth & Greenstein, 1995). Clinical 
improvement after SRp occurs with substantial reduction of several potential periopathogens, 
e.g. P. gingivalis, B. forsythus, T. denticola or other spirochetes, while species associated 
with a healthy periodontium may increase (Hinrichs et al., 1985; Renvert et al., 1990a; Ali et 
al., 1992; Haffajee et al., 1997a).
Although mechanical treatment can reduce the bacterial challenge, SRp does not 
completely eliminate presence of the above-mentioned species. Several reports have shown 
significant clinical improvements after SRp, while e.g. B. forsythus  and P. gingivalis 
persisted in at least 15% of sites and were not eliminated below detection level in more than 
95% of the patients (Wikström et al., 1993; Haffajee et al., 1997a; Takamatsu et al., 1999). 
The outcome of treatment depends on the composition of the subgingival microbiota, as 
several periodontal bacteria are etiological factors in destructive periodontal diseases 
(Haffajee & Socransky, 1994; van Winkelhoff et al., 1996; academy report, 1999; this 
chapter). Therefore, effects of periodontal therapy on the subgingival microbiota can aid in 
the evaluation of the preceding treatment and the prognosis for succeeding therapy, such as 
surgery or antibiotics (van Winkelhoff & de Graaff, 1991; Baehni & Guggenheim, 1996).
As T. denticola and P. gingivalis are commonly found in subgingival plaque (Kigure et 
al., 1995; Socransky et al., 1999), the successful removal of subgingival plaque by scaling 
and root planing should be effective for removal of these periodontal species. Gmür et al. 
(1989) indicated that B. forsythus colonized shallower sites and preceded establishment of P. 
gingivalis. The species P. gingivalis, B. forsythus and T. denticola occur tightly related, as the 
"red complex” (Gmür et al., 1989; Socransky et al., 1998). The presence of the red complex 
in a pocket is strongly associated with clinical severity such as increased pocket depth and 
bleeding upon probing. P. gingivalis and B. forsythus exhibit strong proteinase activities. 
Proteinase-producing species can degrade natural proteins into polypeptides, thereby 
supporting the growth of many other subgingival species that depend on amino acid 
fermentation for their energy supply, but cannot degrade natural proteins (Jansen et al., 1996, 
1997; Hollmann & van der Hoeven, 1999; Wei et al., 1999). Such interactions between these 
suspected pathogens, and probably other subgingival bacteria, might be of major importance 
for the initiation and progression of destructive periodontal diseases (Marsh, 1989; ter Steeg 
& van der Hoeven, 1990; Grenier, 1992; Simonson et al., 1992).
The role of SRB in subgingival plaque could be comparable with the role of these 
organisms in other complex anaerobic systems, such as wastewater plants, anoxic marine or 
estuarine sediments, the human gut, and in biofilms (Langendijk et al., 2001). Our hypothesis 
is that the presence of periodontal SRB is related to active tissue degradation, and in this way 
can indicate lesions that may demand further therapy (Langendijk et al., accepted for 
publication). The availability o f sulfate may depend upon degradation of 
glycosaminoglycans, from proteoglycans in the extracellular matrix of connective tissues 
(van der Hoeven et al., 1995). Accordingly, the presence of SRB might imply a consortium of 
bacteria with hazardous properties for degradation of miscellaneous tissue components. In
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addition, the dissimilatory reduction of sulfate will accumulate hydrogen sulfide, a potent 
virulence factor of these bacteria. Therefore, the presence of SRB may indicate pockets in a 
state of risk for progressive destructive disease.
Outline of this thesis
Although sulfate-reducing bacteria partake worldwide in numerous environmental systems, 
few reports have dealt with the occurrence of SRB in the human body, and particularly in the 
mouth. In 1995, van der Hoeven et al. reported for the first time that SRB inhabit the oral 
cavity and prevail in periodontal pockets. One other group of researchers reported the 
presence of SRB in the human oral cavity, Willis et al. (1995, 1999) demonstrated SRB on 
the tongue, buccal and vestibular mucosa, in saliva, and in plaque of several periodontally 
healthy subjects.
The aim of this thesis was to (I) monitor the prevalence of SRB in relation with major 
periodontal diseases, (II) identify which species of SRB are involved in periodontitis, and 
(III) compare the occurrence of SRB with that of other periodontal bacteria.
As the occurrence of SRB had been reported both at healthy oral sites and in subgingival 
lesions formed by periodontal diseases, the distribution of SRB at different sites within the 
oral cavity was compared among orally healthy subjects and among periodontitis patients 
(Chapter 2).
From our preliminary examinations of periodontitis patients, SRB seemed to prevail 
among lesions of increased clinical "severity" of the periodontal destruction. In chapter 3 an 
epidemiological survey is described, where the presence of SRB was investigated among 
patients with different forms of periodontal diseases. The prevalence of SRB in periodontal 
pockets was compared with clinical parameters of periodontitis of the corresponding lesions, 
such as pocket depth, attachment level and bleeding.
If upon inspection of the teeth of a patient, the presence of a periodontal pocket is 
diagnosed, generally the basic treatment by a periodontist, dentist, or oral hygienist consists 
of subgingival plaque control by scaling and rootplaning, and oral hygiene instructions. In 
some cases this can be followed by adjunctive therapy, such as antibiotics or oral surgery. In 
chapter 4, effects of initial therapy by scaling and rootplaning on SRB presence were 
determined. In addition, the removal of SRB was compared with periodontal parameters such 
as the reduction in pocket depth, attachment level and bleeding.
Several genera of SRB inhabit the human gut, and therefore it may be expected that most 
of these commensal SRB from the intestines could be detected in the oral cavity as well. An 
intracellular species related to such intestinal SRB causes bowel disease in several animal 
species, and another, recently discovered and only partially described strongly related species 
has been implicated in different cases of human infections. In the study described in chapter 
5, SRB were isolated from pockets of ten different periodontitis patients, and subsequently
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characterized. Physiological, biochemical and genetic properties of these isolates were 
determined in order to compare these periodontal SRB with species from other locations. By 
chemo-taxonomical and 16S rRNA analyses, affiliation of the novel species was proposed.
Periodontal pockets harbor a complex microbiota, in which hundreds of different 
bacterial species occur. Several of these species have been implicated in periodontitis and 
some evidence for their role in periodontal disease has been obtained. As a consequence, 
these bacteria are often used as a diagnostic tool in addition to clinical diagnosis of 
periodontitis. Moreover, their elimination is often considered as a goal of periodontal therapy. 
Chapter 6  describes the relationship of oral SRB with the main putative pathogenic species in 
periodontitis described so far.
Chapter 7 summarizes the results obtained so far and the conclusions of this work. 
Furthermore it contains some future perspectives.
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Abstract
The aim of this study was to monitor the presence of sulfate-reducing bacteria (SRB) at 
different sites in the mouths of both healthy individuals and periodontitis patients.
In 20 healthy subjects and 21 periodontitis patients samples were taken from the palate, 
vestibulum, dorsum of the tongue, supragingival plaque, and periodontal pockets. In order to 
demonstrate growth of SRB, samples were incubated in an anoxic chamber in a reduced 
growth-medium for SRB, with an iron-indicator for sulfide production.
The SRB were detected throughout the oral cavity. They were found on the mucosa in 
10% of both healthy subjects and periodontitis patients. On the tongue and in supragingival 
plaque the frequency of detection was slightly higher (22% of the subjects). In contrast, 86% 
of the periodontitis patients harbored SRB in one or more pockets. In one third of the 
patients, SRB were present in all three pockets that were sampled.
The data indicated that SRB belong to the normal oral microbiota, and have a preference 
for periodontal pockets.
Introduction
Many commensals in the oral cavity are strictly anaerobic bacteria, and have been studied for 
their possible role as opportunistic pathogens in the development of periodontal disease 
(Socransky 1977, Socransky & Haffajee 1997). For some species, including Porphyromonas 
gingivalis, Bacteroides forsythus and Treponema denticola, a relationship between their 
occurrence and periodontal disease has been observed, which can be useful in the choice of 
therapy (Haffajee et al. 1996, Renvert et al. 1996, Simonson et al. 1992).
Recently, sulfate-reducing bacteria (SRB) were found as a new group of inhabitants of 
periodontal pockets (van der Hoeven et al. 1995). The presence of these strictly anaerobic, 
gram negative bacteria is likely to be indicative of tissue degrading activity. The SRB depend 
for their growth upon the activity of a complex microbiota to produce a reduced environment, 
fermentation products, and sulfate (Widdel 1988). The latter may be liberated from sulfated 
disaccharide units of glycosaminoglycans, present in proteoglycans in the extra-cellular 
matrix of connective tissues (Bartold et al. 1988, Waddington et al. 1994). Preliminary data 
suggest that SRB have sulfatase activities to liberate sulfate from glycosaminoglycans 
(Langendijk, unpublished observations).
Furthermore, SRB produce hydrogen sulfide from the dissimilatory reduction of sulfate. 
Sulfide was detected specifically in deeper pockets, in concentrations considered high enough 
to inactivate cellular cytochrome oxidase (Persson 1992). In addition to the direct toxic 
effects to the host tissue, sulfide may affect polymorphonuclear leukocytes by interfering 
with the opsonization of bacteria, and leading to suppression of the immunological defense in 
a pocket (Granlund-Edstedt et al. 1993).
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So far, few publications have dealt with the occurrence of SRB in the oral cavity. Van 
der Hoeven et al. (1995) showed that SRB were present in periodontal pockets of 58% of 
periodontitis patients (n=43), while they were detected in healthy sulci in only 6% of healthy 
Dutch subjects (n=16). In addition, Willis et al. (1995) detected SRB in several healthy oral 
sites in 83% of healthy British subjects (n=12). In these subjects, SRB were found on the 
posterior and anterior tongue, mid buccal mucosa, vestibular mucosa, in supragingival plaque 
and in subgingival plaque.
The present study was aimed to monitor the presence of SRB on various sites in the 
mouths of both periodontically healthy individuals, and periodontitis patients.
Material and Methods
Patients
Twenty healthy Dutch subjects were involved in this study. They were given professional 
oral hygiene instructions prior to the examination and sampling. Subjects with visually 
inflamed gingiva or affected periodontal sites were excluded from the study. A second group 
comprised 21 periodontitis patients who attended the periodontal clinic (Dental School, 
Nijmegen, The Netherlands) and scored in the Community Periodontal Index of Treatment 
Needs a CPITN of 4 in at least one sextant (Rams et al. 1996).
Thirteen of these patients had not been treated for periodontitis before (initial patients). 
Eight other patients were recall patients who had received treatment consisting of 
professional oral hygiene instruction, scaling and rootplaning and professional cleaning at 
regular recalls, but who still possessed pockets with clinical signs of disease activity.
The mean age and gender of the groups are given in Table 3. The healthy subjects were 
on average 15.6 years younger than the patients with periodontal pockets (p<0.0005), but the 
ratios of male/female were not significantly different between the groups.
Sampling of oral sites
Samples were taken from healthy sites in the oral cavity of both periodontitis patients and 
healthy subjects. Using a sterile plastic loop, a sample was scraped from the posterior and 
anterior palate, from the vestibular mucosa, from the dorsum of the tongue, and in 
periodontitis patients, also from the mid buccal mucosa around the opening of the parotid 
duct. Supragingival plaque was collected by a sterile scaler, and dental floss to give one 
pooled sample per individual. Gingival sulci were sampled by insertion of a sterile paperpoint 
that was removed after 20 seconds. In periodontitis patients two visually healthy sulci were 
selected, in addition to the deepest pockets in each of three quadrants, with a depth > 5 mm. 
Samples were taken from pockets by insertion of a sterile paperpoint that was removed after 
20 seconds.
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SRB analysis
All samples were immediately submerged into 2 ml reduced growth medium for sulfate- 
reducing bacteria (van der Hoeven et al. 1995), and transferred within 12 hours to an anoxic 
chamber (MB200, Braun, Germany) with an oxygen partial pressure below 5 ppm. In the 
chamber the headspace of the samples was replaced with 5% carbon dioxide, 4% hydrogen 
and 92% nitrogen gas and the samples were incubated in this atmosphere at 35°C for two 
months.
The basal mineral growth medium contained lactate, pyruvate, acetate, propionate and 
citrate as electron donors, inorganic sulfate served as electron acceptor, and FeSO4 as 
indicator for sulfate-reducing activity. The presence of SRB was determined by strong 
blackening due to FeS precipitation.
Statistical analysis
Differences between the groups of healthy subjects and periodontitis patients were analyzed 
either by the %2 test or the t-test for independent samples by use of software from SPSS®. 
Values of p<0.05 were accepted as statistically significant.
Results
Sulfate-reducing bacteria were absent in the oral sites of 16 out of the 20 healthy subjects 
(Table 1). In each of the four remaining subjects SRB were present in various sites, and in 
one of the healthy subjects SRB were present in all sampled sites. The detection frequency of 
SRB was slightly higher on the tongue and in plaque than on the palate and vestibulum, 
where SRB were detected in 5% (n=1) and 10% of the subjects, respectively.
Table 1. Distribution o f SRB among oral sites o f healthy subjects.
number of palate vestibulum tongue lingual pooled
subjects plaque plaque
16 0 0 0 0 0
4 1 2 3 2 4
For each site the number o f subjects (n=20) in which SRB were present is represented.
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Table 2. Distribution o f SRB among oral sites o f untreated (initial) and treated (recall) patients with periodontal pockets.
Patients N a) b)elatealp vestibulum tongue Buccal
mucosa
gingival
sulci c) (2)
supragingival
plaque
d)s 
) 
ets 
-3) 
cke 
(2- 
o
( 
p
ini 1, ini 2, rec 1 
ini 3, rec 2, rec 3,
3 - - - - 0 - 0/3
rec 4, rec 5 5 - - - - 0 - 1/3
ini 4 1 - - - - 0 - 1/2
ini 5, ini 6 2 - - - - 0 - 2/3
rec 6 1 - - - - 1 - 2/2
rec 7 1 - - - nd 0 + 2/3
ini 7, ini 8, ini 9 3 - - + - 0 - 3/3
ini 10 1 - - - - 0 + 3/3
ini 11 1 - - + nd nd + 3/3
rec 8 1 + - - + 1 - 2/3
ini 12 1 - - + - 1 + 3/3
ini 13 1 + + + + 1 + 3/3
a) Number of patients showing the corresponding distribution o f sites with SRB.
b) Presence o f SRB (+) or absence o f SRB (-) or presence could not be determined (nd).
c) Two gingival sulci were sampled from each patient. Represented is the number o f sulci which contained SRB or presence could not be determ ined
(nd).
d) Two to three pockets were sampled from each patient. The quotient of SRB positive samples is represented.
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The detection frequency of SRB in non-diseased oral sites was also low in periodontitis 
patients. In 67% of the patients no SRB were detected on mucosa (Table 2). Again, the 
frequency at which SRB occurred on the palate, vestibulum, and on buccal mucosa was lower 
than that on the tongue and in supragingival plaque. Initial patients tended to have more sites 
with SRB both on mucosa and in pockets, than recall patients, but the differences were not 
significant. The results showed no significant difference of the SRB presence on mucosa 
between patients with deep periodontal pockets and healthy subjects.
However, SRB occurred at a high frequency in the pockets (Figure 1). In patients with 
SRB, 37 out of 52 pocket samples (71%) contained SRB. One third of the patients contained 
SRB in all three pockets that were sampled (Table 2). SRB occurred in both initial and recall 
patients with inflamed periodontal sites (Table 3).
For pocket samples, the time (± SE) required for sufficient sulfide production to give 
strong blackening by FeS precipitation was 13 ± 11 days. This period was significantly 
shorter than for mucosal samples, which needed 30 ± 9 days (p<0.0005).
<uuc<u(fl
<u
mo'toM­o
S’c<u3
<U
palate tongue vestibulum supragingivá
plaque
periodontal
pocket
Fig. 1. Prevalence o f SRB at different oral sites o f healthy subjects and periodontitis 
patients.
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Table 3. Presence of sulfate-reducing bacteria in the oral cavity o f healthy subjects 
and periodontitis patients.
healthy subjects initial patients recall patients
total number 20 13 8
mean age (range) 27.3 (19-49) 45.2 (31-59) 39.8 (27-56)
% males 40.0 38.5 50.0
presence of SRB 
(% of subjects) a) 20.0 84.6 87.5
a) Subjects scored positive for SRB presence if at least one o f the oral samples contained SRB.
The percentage reflects the number o f SRB positive subjects in a group.
Discussion
According to the present findings, SRB occur throughout the oral cavity, and most often in 
periodontal pockets. However, their occurrence in healthy subjects indicated that the presence 
of SRB is not dependent on pockets. It has been shown that the oral mucosa harbors several 
anaerobic ‘periodontal’ bacteria, in frequencies that seem independent of their presence in 
periodontal pockets (Danser et al. 1996).
Also plaque appears a natural habitat for these bacteria, as SRB were present in 
supragingival plaque of 22% of the subjects. In a comparable experiment involving 21 
healthy subjects, Actinobacillus actinomycetemcomitans and B. forsythus were found in 
plaque with prevalences of 33-43%, P. gingivalis was present in 0-5% (n=1) and Prevotella 
nigrescens / intermedia in 100% of the subjects (Gmür & Guggenheim 1994). Additionally, 
in “non-diseased” subjects with no pockets >4 mm but with poor oral hygiene P. gingivalis 
could be detected in sulci with a frequency of 18-35% (Dahlén et al. 1992). The higher 
presence of SRB in plaque (in 10 of 12 healthy subjects) observed by Willis et al. may have 
been due to socio-cultural differences of the patients, aging of the plaque due to lack of oral 
hygiene procedures for 24 hours prior to sampling, or the methods of sampling and culturing 
employed (Willis et al. 1995).
In healthy sites in the oral cavity, some sulfate may be available for SRB by absorption 
from the diet (Florin et al. 1991, 1993). Additionally, a more important quantity of substrate 
for SRB can be liberated from mucins, e.g. by sulfatases that can be produced by several oral 
streptococci (Smalley et al. 1994). As our preliminary data suggest, SRB are able to produce 
sulfatase, which may also be active against mucins.
Sulfate-reduction by SRB will yield equimolar amounts of toxic hydrogen sulfide. Other 
oral anaerobes, including T. denticola, P. intermedia and P. gingivalis, degrade serum 
proteins and produce hydrogen sulfide from cysteine (Persson et al. 1990, 1992). Although
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some Desulfovibrio strains are capable of utilization of cysteine as well (Forsberg 1980, 
Stams et al. 1985), SRB are essentially indirectly related to protein degradation by utilizing 
the terminal products which cannot be fermented further by other members of the microflora. 
Apart from its overt toxicity, hydrogen sulfide is one of the major volatile components 
causing halitosis (De Boever & Loesche 1996). Indeed, the presence of sulfide-producing 
bacteria was significantly increased on the tongue of persons with malodor (Hartley et al.
1996). Regarding their contribution to hydrogen sulfide production, the role of SRB in 
halitosis deserves further study.
SRB are strictly anaerobic bacteria involved in the terminal step of anaerobic degradation 
of organic matter (Widdel 1988). Therefore, their common presence in periodontal pockets 
fits in with that of methanogens (Brusa et al. 1987, Belay et al. 1988).
The higher sulfate-reducing activity of pocket samples than that of samples from 
mucosa, may well reflect numerical differences of SRB between these sites. Alternatively, 
SRB species with different sulfate-reducing activities may occur on mucosa and in 
periodontal pockets. Further taxonomic studies are required to answer this question.
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Abstract
Sulfate-reducing bacteria (SRB) may be etiologically involved in destructive periodontal 
diseases. These strictly anaerobic bacteria utilize fermentation products for energy 
conservation by reduction of sulfate to sulfide. This toxic product can accumulate in 
periodontal pockets in concentrations causing cellular destruction. SRB depend on an actively 
degrading microbiota to produce a reduced environment, fermentation products and sulfate. 
The detection frequency of these bacteria is strongly increased in periodontitis compared with 
healthy sites in the oral cavity. In this study, the presence of SRB was determined in relation 
to clinical features of the patients and to site-specific clinical parameters of periodontitis, 
such as pocket depth, bleeding and attachment level.
Patients with clinical characteristics of severe periodontitis (n=87) were included in the 
study, 78 were untreated patients and 9 patients were in maintenance care after treatment. 
Samples were taken (n=261) from the deepest periodontal pockets, and presence of SRB was 
determined by enrichment culture in an anoxic chamber.
In 64% of the patients, SRB were present in at least one pocket. They occurred among 
patients from 23 to 57 years old, and tended to prevail among patients older than 30 years. 
There was a tendency to increased SRB occurrence among patients with more than 50% of 
bleeding sites, or with several angular bony defects or furcations. In 44% of the periodontal 
pockets SRB were present. They tended to prevail in pockets showing bleeding on probing, 
furcations, angular bony defects, or an endodontal complication. Presence of SRB was 
positively correlated with increased pocket depth (p<0.05).
SRB were found to be associated with various clinical categories of periodontitis, 
including early onset periodontitis, rapidly progressive periodontitis, adult periodontitis, and 
refractory periodontitis. Although SRB predominated among patients with an adult form of 
periodontitis, i.e. with an occurrence of 72%, there was no significant correlation with age of 
the patient. Among treated patients under maintenance care SRB prevalence was significantly 
reduced in comparison with untreated patients (p<0.02). Occurrence of SRB in periodontal 
pockets showed an odds ratio of 11.2 in comparison with healthy oral sites. In conclusion, 
periodontal sulfate-reducing bacteria are associated with several clinical categories of 
periodontitis and with periodontal sites of increased pocket depth.
Introduction
Several bacterial species or clusters of species have been implicated in the etiology of 
periodontitis (Haffajee & Socransky 1994, Socransky et al. 1998). For some of these, 
including Actinobacillus actinomycetemcomitans, Porphyromonas gingivalis, Bacteroides 
forsythus, and Treponema denticola, a relationship between their occurrence and periodontal 
disease has been observed, which can be useful in the choice of therapy (van Winkelhoff et 
al. 1996, Baehni & Guggenheim 1996, Renvert et al. 1996, Haffajee et al. 1996, Simonson et
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al. 1992). However, for some groups of patients current approaches do not offer treatment 
with stable control of disease progression (Listgarten et al. 1991, Colombo et al. 1998). 
Further insight in the host-microbial interactions of the complex subgingival ecology might 
yield new combinations of diagnostic tests, which allow better decision making for therapy 
(Colombo et al. 1999).
For many inhabitants of periodontal pockets a possible etiologic role in periodontitis has 
not been studied as extensively as for the above-mentioned species, often because technical 
difficulties hamper detection and identification by culture (Tanner et al. 1979, Colombo et al. 
1998, Harper-Owen et al. 1999, Spratt et al. 1999). For instance, physiological groups of 
bacteria that perform the terminal step in anaerobic degradation of organic matter are hardly 
described. These terminal degraders are entirely dependent on the metabolic activities of 
other anaerobes for providing their growth substrates. The predominant bacteria in 
periodontal pockets are anaerobic fermenting bacteria (Moore 1987). Accumulation of their 
products allows terminal degraders as scavengers to utilize these low molecular weight 
organic compounds and hydrogen as electron donors in anaerobic respiration. Indeed terminal 
degraders such as methanogens and sulfate-reducing bacteria (SRB) have been isolated from 
periodontal pockets (Brusa et al. 1987, Belay et al. 1988, van der Hoeven et al. 1995).
The sulfate-reducing bacteria are a heterogeneous assemblage of naturally widely 
distributed species that share the capability of dissimilatory reduction of sulfate to sulfide 
(H2S). This product is a strongly toxic reagent, causing cellular damage in a way similar to 
cyanide, with lethal effects probably due to inactivation of cytochrome oxidase. The reported 
lethal concentration for inhalation corresponds with 0.04mM H2S (Beauchamp et al. 1984). 
Elevated concentrations of H2S have been detected periodontally, in association with 
increased pocket depth (Persson et al. 1992). In the deeper pockets H2S reached 
concentrations far beyond the toxic level (Ratcliff & Johnson 1999). Theoretically, sulfate 
present in serum could account for these detected amounts, as catabolic reduction by SRB 
yields equimolar accumulation of sulfide (Postgate 1984). In addition, sulfate liberated from 
glycosaminoglycans in the connective tissue could serve as electron acceptor for SRB (van 
der Hoeven et al. 1995). Accumulating H2S can have a second toxic action by reacting with 
protein disulfide bonds. This may affect polymorphonuclear leukocytes by interfering with 
the opsonization of bacteria, thus leading to suppression of the immunological defense in a 
pocket (Granlund-Edstedt et al. 1993). Therefore, the presence of sulfate-reducing bacteria 
could be indicative of the state of disease.
Different isolates of Gram negative, strictly anaerobic sulfate-reducing bacteria have 
been obtained from the oral cavity, generally belonging to the genus Desulfovibrio (van der 
Hoeven et al. 1995, Willis et al. 1995). Members of this genus are also prevalent in the 
human intestine, where their metabolic product H2S has been associated with inflammatory 
bowel disease (Gibson et al. 1991, Willis et al. 1997). SRB occur at healthy oral mucous 
tissues. Slightly increased SRB presence and activities were observed on the tongue, in 
saliva, and in plaque (Willis et al. 1995, Willis et al. 1999, Langendijk et al. 1999). However,
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a strongly increased frequency of detection in periodontal pockets suggested an association 
between presence of SRB and periodontitis (van der Hoeven et al. 1995, Langendijk et al. 
1999). The aim of this study was to explore the presence of sulfate-reducing bacteria in 
relation with age of the patient and clinical parameters of periodontitis, such as pocket depth, 
bleeding and attachment level.
Material and Methods
Patients and sites of sampling
The 87 patients included in this study attended a private clinic for periodontology in 
Nijmegen, The Netherlands. According to the Community Periodontal Index of Treatment 
Needs they had CPITN scores of 4 in at least 1 sextant (Rams et al. 1996). Patients were 
selected as exhibiting clinical symptoms of "severe" periodontitis, i.e. they showed a general 
bleeding on probing, often accompanied by several angular defects or furcations and 
radiographs showed a loss of alveolar bone of 10-100% of the root length (Table 1). Most 
patients, i.e. 78, were sampled at intake, before initial treatment. Nine other patients were 
recall patients who had received initial treatment consisting of professional oral hygiene 
instructions, scaling and rootplaning, in some cases succeeded by modified Widman flap 
surgery, and professional cleaning at regular recalls, but still possessed pockets with clinical 
signs of inflammatory activity. The latter group was composed of patients with adult 
periodontitis exclusively. Patients who received antibiotics less than 12 months prior to 
examination were excluded from the study. Clinical characteristics of the patients are 
represented in Table 1. Diagnoses were based on clinical observations of the treatment 
history, radiographs, age and progression of attachment loss.
Table 1. Clinical description o f periodontitis patients with or without presence o f periodontal 
sulfate-reducing bacteria.
Patients with SRB Patients without SRB All patients
No. Patients 
Mean age (range)
Ratio of males 
Ratio of smokers 
% sites with bleeding on 
probing ±SEM 
Mean no. angular defects
56
41.0 (23-57) 
0.37 
0.44
70.1% ±2.7
31
41.6 (21-63) 
0.39 
0.46
69.6% ±5.0
87
41.2 (21-63) 
0.38
0.46
69.9% ±2.5
±SEM
Mean no. furcations 
±SEM
5.2 ±0.93
3.6 ±0.58 
22-60 %
4.3 ±0.91
3.9 ±0.94 
26-59 %
4.9 ±0.66
3.7 ±0.50 
23-60 %Alveolar bone resorption
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From each patient 2 to 5 periodontal sites were sampled (Langendijk et al. 1999). Only 
the deepest pockets, with a depth > 4 mm and with visual signs of inflammation were 
selected. On average 3 pockets per patient were sampled. Clinical observations such as 
pocket depth and bleeding were recorded at 6 sites per tooth; the clinical features of the 
sampled sites are represented in Table 2. A patient scored positive for SRB if sulfate- 
reducing bacteria were present in at least one of the sampled pockets.
Detection of SRB
After removal of supragingival plaque and saliva, samples were taken from pockets by 
insertion of a sterile paper point. After 20 seconds paper points were removed from the 
pocket and immediately transferred into a vial with 2 ml reduced growth medium for sulfate- 
reducing bacteria (van der Hoeven et al. 1995). Within 24 hours the samples were transferred 
to an anoxic chamber (MB200, Braun, Germany) with an oxygen partial pressure below 5 
ppm. In the chamber the headspace of the samples was replaced with 5% CO2, 4% H2 and 
91% N2 gas, and the samples were incubated in this atmosphere at 35°C for 1 month. After 
24 hours of incubation, metabolic reduction of the medium was checked by decolorization of 
the resazurin. The basal mineral growth medium contained lactate, acetate, propionate, 
pyruvate, and citrate as electron donors, inorganic sulfate served as electron acceptor and 
iron(II) sulfate as indicator for sulfate-reducing activity. Strong blackening due to FeS 
precipitation indicated the presence of SRB.
Statistical analysis
Differences in clinical parameters between groups of subjects without SRB and SRB positive 
patients were evaluated by the Mann-Whitney U test. Likewise, differences in clinical 
features between sites with SRB versus sites without SRB were tested by the Mann-Whitney 
U test. Subsequently, the mean ratio of occurrence of SRB was calculated per clinical 
category of patients and differences were analyzed by the Kruskal-Wallis H test. Correlation 
between presence of SRB and pocket depth was calculated according to Spearman's rank 
correlation. All analyses were performed by use of two-sided tests from software of SPSS®. 
Differences with p<0.05 were accepted as statistically significant.
Table 2. Clinical description o f the periodontal sites with or without presence o f SRB.
Pockets with SRB Pockets without 
SRB
All pockets
No. sites 114 147 261
PPD mean ±SEM 8.09 ± 0.13* 7.67 ± 0.13 7.85 ± 0.10
CAL mean ±SEM 8.56 ± 0.17 8.15 ± 0.16 8.34 ± 0.12
BOP ratio 0.94 0.92 0.93
Furcation ratio of sites 0.25 0.23 0.24
Angular defect ratio 0.50 0.43 0.46
Endodontal
complication ratio 0.13 0.05 0.08
* significant difference with sites where SRB are absent (Mann-W hitney U test, p<0.05).
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A
no smoking sm° k¡ng 
>10 cig/day
N=39 N=35
Smoking
B
0.8-
1
< 50% 50-75% >75% 
N=16 N=32 N=37
Bleeding Index
C
1
0.8
0 3 or more
N=7 N=40
No. angular defects
D
1
0 3 or more
N=10 N=24
No. furcations
Fig. 1. Prevalence o f SRB in patients with different (A) smoking habit, (B) % of sites with 
bleeding on probing, (C) number o f angular bony defects, and (D) number o f furcations. 
Tendencies are shown, error bars represent the standard error o f the mean.
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Results
SRB occurrence in patients
Monitoring of the occurrence of sulfate-reducing bacteria among patients with severe 
periodontitis showed that SRB were present in 64% of the patients (n=87). They were found 
with equal frequency in male and in female patients (Table 1). Smoking habits of the patients 
did not significantly influence the presence of SRB (fig.1A). Most patients had generalized 
gingivitis, and also showed abundant bleeding on probing. SRB showed a tendency to prevail 
among patients with a bleeding index above 50% of the sites (fig. 1B). Furthermore, they 
tended to be present more frequently among patients with several angular bony defects, and 
among patients with furcations (fig. 1C,D). Nevertheless, the differences in mean bleeding 
index, numbers of angular bony defects or furcations between patients with SRB versus 
patients without SRB were not statistically significant (Mann-Whitney U test).
Site-specific SRB occurrence
Among the periodontitis patients, SRB presence appeared to be restricted to particular sites. 
SRB were present in 44% of the 261 pockets that were sampled. Among the initial patients 
harboring SRB, 65% of 164 sampled pockets harbored SRB. The SRB tended to prevail in
4-5 6-7 8-9 10-15
pocket depth (mm)
Fig. 2. Presence of SRB in sites o f different pocket depths. Errorbars represent the standard 
error o f the mean. The correlation between presence o f SRB in pockets and the probing 
pocket depth was significant (n=261).
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pockets showing bleeding on probing, furcations, angular bony defects, or an endodontal 
complication (Table 2). The relationship between presence of SRB and the pocket depth was 
found to be significant (fig. 2). Pockets with SRB were on the average 0.41mm, and 
significantly, deeper than sites without SRB (p<0.05). The pocket samples, which were 
obtained from 87 patients, showed a significant correlation of rho=0.131 (Spearman rank) 
between probing pocket depth and presence of SRB (p<0.05).
Prevalence among clinical categories
SRB were found to be associated with various clinical manifestations of periodontitis 
(Langendijk et al. 1999), including early onset periodontitis, rapidly progressive periodontitis, 
adult periodontitis, and refractory periodontitis (Table 3). The frequency of detection was the 
same for patients with early onset periodontitis or rapidly progressive periodontitis, and 
refractory periodontitis, i.e. on average 58% of the patients were SRB positive. The 
association of SRB with adult periodontitis tended to be stronger, as 72% of the patients were 
SRB positive, but this elevation was not significant. Although the high prevalence in adult 
periodontitis might imply that SRB prevail in older patients, no correlation was found 
between SRB presence and age of the patient. As can be denoted from figure 3, SRB 
occurred among patients of all ages at comparable frequencies.
SRB were persistently detected in patients under maintenance care, although these recall 
patients showed a significantly lower (p<0.02) frequency of SRB presence than initial 
patients (Table 4). As the recall patients had adult periodontitis, the prevalence of SRB 
among this category of patients had decreased (p<0.05) with a frequency of 39% compared to 
initial patients with adult periodontitis (Table 3). In refractory patients the occurrence of SRB 
did not significantly differ from that in initial patients with early-onset/progressive 
periodontitis, or adult periodontitis.
Table 3. Association o f the presence o f SRB with several clinical categories o f periodontitis.
Early-onset/ 
Rapidly progressive 
periodontitis
Adult periodontitis Refractory
periodontitis
No. Patients 19 54 5
No. Patients SRB+ 11 39 3
% Patients SRB+ 57.9% 72.2% 60.0%
No. Pockets 67 158 14
No. Pockets SRB+ 26 76 4
% Pockets SRB+ 38.8% 48.1% 28.6%
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Fig. 3. Presence of SRB in patients o f various age groups and clinical forms o f periodontitis; 
early onset periodontitis or rapidly progressive periodontitis (n=19), adult periodontitis 
(n=63), and refractory periodontitis (n=5).
Table 4. Presence of SRB in initial patients (all) and in recall patients with adult periodontitis.
Initial patients Recall patients
No. Patients 78 9
No. Patients SRB+ 53 3
% Patients SRB+ 67.9% 33.3%*
No. Pockets 239 23
No. Pockets SRB+ 106 8
% Pockets SRB+ 44.4% 34.8%
* significant d ifference with initial patients (Mann-W hitney, p<0.02) and with initial adult periodontitis 
patients (Kruskal-Wallis, p<0.05).
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Discussion
This study shows that severe periodontitis involved sulfate-reducing bacteria in two thirds of 
the initial patients. This high prevalence among patients approaches the frequency with which 
A. actinomycetemcomitans can be found among patients with localized juvenile periodontitis,
i.e. 85-89% (Slots et al. 1990, Rodenburg et al. 1990). For patients with more generalized 
manifestation of periodontitis, anaerobes such as P. gingivalis, spirochetes, and B. forsythus 
are considered as putative periopathogens and risk indicators for progressive periodontal 
degradation. These anaerobes have been detected in at least 50% of patients with adult 
periodontitis (Dzink et al. 1988, van Winkelhoff et al. 1988, Haffajee et al. 1994, 1998, 
Colombo et al. 1999). The occurrence of SRB is comparable with that of e.g. P.gingivalis, 
which was detected in 32-59% of adult periodontitis patients (Rodenburg et al. 1990, Loesche 
et al. 1985, Wolff et al. 1993, Listgarten et al. 1999). Likewise, other strictly anaerobic 
terminal degraders, methanogens, occurred with similar frequency, i.e. in 63% of 8 advanced 
periodontitis patients (Belay et al. 1988). However, due to the elaborate culture techniques 
required for detection and identification of the physiologically distinct methanogenic and 
sulfate-reducing bacteria, their presence is rarely perceived. Indeed, we have found no 
publications to allow comparison of clinical and bacteriological findings among studies.
Culturing is a laborious and selective method for detection. As SRB may require 10% 
(v/v) of inoculation for culture, this technique may not be able to detect sporadic presence in 
low cell numbers (Postgate 1984). Similar to P. gingivalis, detection by PCR may allow a 
much more sensitive bacteriological detection method and SRB might be detected more 
generally (Griffen et al. 1998). However, the limit in microbiological sensitivity of the 
employed method, allowed a relevant clinical sensitivity as has been shown by previous 
studies (van der Hoeven et al. 1995, Langendijk et al. 1999).
The tendency of SRB to prevail in pockets showing bleeding on probing, furcations, 
angular bony defects, or an endodontal complication shows that they may be involved in 
active, advanced, and complex periodontitis. Moreover, the significant correlation of their 
presence with the probing pocket depth indicates that they are associated with advanced 
clinical severity of periodontitis (Tanner et al. 1979). In the deeper pockets the risk of 
progression of tissue destruction is elevated (Machtei et al. 1999) and although a rôle of SRB 
in this process has not been established, they possess physiological characteristics which may 
distinguish their habitat from sites elective for well-known members of the subgingival 
microbiota. As terminal degraders, SRB scavenge low energy remnants, which allow little 
ATP generation for bacterial growth. Hence they are not expected to account for a 
quantitatively dominating part of the microbiota. They depend entirely upon an actively 
degrading microbiota to produce a reduced environment and to accumulate fermentation 
products and sulfate (Widdel & Hansen 1992). The latter substrate may be liberated from 
proteoglycans upon degradation of connective tissue (van der Hoeven et al. 1995). 
Consequently, growth of SRB in a pocket depends upon multiple microbial tissue degrading
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activities. In addition, SRB possess a virulence factor, i.e. H2S production, which might 
augment the process of destruction of periodontal tissue. Therefore, sulfate-reducing bacteria 
could serve as indicators for tissue degradation in a periodontal pocket.
For a primary evaluation of a possible diagnostic value of SRB, the results of this cross­
sectional study among 87 periodontitis patients have been compared with reported presence 
in periodontitis patients and in sites of oral health (van der Hoeven et al. 1995, Willis et al. 
1995, Langendijk et al. 1999). The mucous oral tissues and gingival sulci in subjects without 
periodontal or gingival inflammation served as control for healthy subjects (Table 5). The 
odds ratio of 4.6 illustrates the increased occurrence of oral SRB among periodontitis patients 
compared with healthy subjects.
Likewise, the observed occurrence of SRB in inflamed periodontal sites, in combination 
with reported SRB occurrence, has been compared with reports describing the occurrence of 
SRB in healthy gingival sites. Van der Hoeven et al. (1995) determined SRB presence in 28 
gingival sulcus samples from 16 healthy subjects without periodontal or gingival 
inflammation. Only one of the healthy sulci harbored SRB, resulting in an odds ratio of 24.0
Table 5. Quantification o f a risk indication for periodontitis by occurrence o f sulfate-reducing 
bacteria in pockets o f periodontitis patients compared with healthy oral sites and healthy 
subjects.
Healthy 
subjects a)
Periodontitis
patients b)
Healthy sites 
(sulcus) c)
Periodontal
pockets b)
SRB - 34 52 SRB - 63 214
SRB + 14 (29%) 99 (66%) SRB + 5 (7%) 190 (47%)
Odds ratio for subjects = 4.6 Odds ratio for oral sites = 11.2
(95% confidence interval 3.2-6.6) (95% confidence interval 7.0-18.0)
a) SRB occurrence in at least one sample o f oral mucous tissues or gingival sulcus from healthy 
subjects w ithout any periodontal or g ingiva l inflam m ation according to references van der 
Hoeven et al. 1995, Willis et al. 1995, and Langendijk et al. 1999.
b) Cum m ulative data according to this study and to references van der Hoeven et al. 1995, and 
Langendijk et al 1999.
c) SRB occurrence in gingival sulci o f healthy subjects and periodontitis patients according to van 
der Hoeven et al. 1995, and Langendijk et al 1999.
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(95% confidence interval 8.6-66.7) for periodontal pockets. Langendijk et al. (1999) sampled 
40 gingival sulci among 20 periodontitis patients. Four of those patients harbored SRB in one 
of their two sampled sites. These data result in an odds ratio of 8.0 (95% confidence interval 
4.7-13.7). The slightly increased occurrence of SRB in gingival sulci (and slightly decreased 
odds ratio) among the periodontitis patients might be related to gingival inflammation as 
most of the periodontitis patients that were sampled had a generalized gingivitis. Although 
care was taken to select the visually healthiest sites that were available, SRB may have been 
localized in plaque, as their occurrence was increased in supragingival plaque (Willis et al. 
1995, Langendijk et al. 1999). The joint data reported on presence in comparable healthy 
sites are represented in table 5. The odds ratio of 11.2 for oral sites illustrates the 
distinguishing association of SRB with sites of destructive periodontal infection in 
comparison with sites of oral health (Dzink et al. 1988, Griffen et al. 1998).
This is the first report describing the association of sulfate-reducing bacteria with 
distinctive clinical categories of periodontitis. SRB predominated among initial patients with 
adult periodontitis, whereas among early-onset and rapidly progressive periodontitis the 
occurrence of SRB was slightly lower. SRB were most generally found among patients with 
an age of 30 years and older. Indeed, epidemiological studies have shown that in older age 
groups, teeth are more generally affected by periodontitis (Grossi et al. 1994, Genco 1996, 
Albandar et al. 1997). In comparison with initial patients the presence of SRB was reduced 
by 50% among recall patients. Still, the frequency of detection was higher than in healthy 
subjects (Langendijk et al. 1999). Among 8 other recall patients SRB were detected in 88% 
of the patients (Langendijk et al. 1999). Apparently periodontal treatment diminishes SRB, 
but in some patients remaining pockets may still harbor SRB. In this regard the occurrence of 
SRB in refractory periodontitis patients is of special interest (Haffajee et al. 1988), as the 
sites where SRB have not been removed may be prone to refractory disease. However, the 
recall patients group was too small to draw any strong conclusions on the effect of 
elimination of SRB. Clinical trials are needed to evaluate the clinical effects of successful 
elimination and persistence of SRB after periodontal treatment.
In conclusion, periodontal sulfate-reducing bacteria are associated with several clinical 
categories of periodontitis, and with periodontal sites of increased pocket depth. Further study 
may involve the taxonomic identification of the involved species, the effect of periodontal 
treatment on their presence and comparison of SRB presence with assessment of established 
risk indicators.
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Abstract
Sulfate-reducing bacteria (SRB) are associated with periodontitis, but it is unknown if 
elimination of these potential pathogens accompanies clinical improvement. This longitudinal 
study examined the occurrence o f SRB and clinical effects following scaling and root 
planing.
In this study, the presence of periodontal SRB was determined in 38 selected patients 
before and six months after mechanical therapy. SRB were detected using the enrichment 
culture technique.
Mechanical periodontal treatment resulted in elimination of SRB in 89% of the patients, 
and 95% of the sites (n=76). SRB were significantly reduced in patients with progressive, 
adult, and refractory periodontitis. The elimination o f SRB was accompanied by clinical 
improvement. The mean gain of attachment o f these pockets was 3 mm (p<0.001). The 
reduction in pocket depth (p<0 .001) and bleeding were significant (p<0 .001).
Persistence of SRB correlated with the initial pocket depth (p<0.02) and attachment level 
(p<0.02), and with bleeding of the site after treatment (p<0.05). In conclusion, mechanical 
debridement is generally effective for elimination of SRB.
Introduction
The outcome of periodontal treatment depends on the composition o f the subgingival 
microbiota, as several periodontal bacteria have been identified as etiological factors in 
destructive periodontal diseases (Haffajee and Socransky, 1994; van Winkelhoff et al., 1996; 
Academy report, 1999). Therefore, more insight into the host-microbiota interactions o f the 
complex subgingival ecology may provide new combinations o f diagnostic tests, with 
improved patient- or site-specific indicators for periodontal therapy (Page, 1995; Colombo et 
al., 1999; Dzink et al., 1988).
Sulfate-reducing bacteria (SRB) are naturally ubiquitous as degraders o f organic 
substances (Hansen, 1993). The SRB form a heterogeneous assemblage of strictly anaerobic 
bacteria, characterized by their anaerobic respiration through the reduction o f sulfate to 
sulfide. The production of this toxic agent, H2S, is a potent virulence factor of periodontal 
pathogens (Langendijk et al., 2000; Ratcliff and Johnson, 1999). The human intestinal tract 
harbors several genera o f SRB, including Desulfovibrio, Desulfobacter, Desulfomonas, 
Desulfobulbus, and Desulfotomaculum (Gibson et al., 1991).
Recently, SRB were shown to belong to the normal oral microbiota (van der Hoeven et 
al., 1995; Willis et al., 1995, 1999; Langendijk et al., 1997, 1999). However, these bacteria 
are overlooked by standard detection methods as special equipment and low redox conditions 
are required for their cultivation (Postgate, 1984; Langendijk et al., 1999). It was shown that 
90% of the isolated strains o f SRB in periodontal samples belonged to a new species, 
Desulfomicrobium orale. In addition, one other cultivable species was identified as the
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proposed Desulfovibrio fairfieldensis (Langendijk et al., 2001). In periodontitis patients the 
presence of SRB was significantly increased in pockets in comparison with healthy oral sites 
(van der Hoeven et al., 1995; Langendijk et al., 1999, 2000). The presence of SRB was 
associated with early onset or rapidly progressive periodontitis, adult periodontitis and 
refractory periodontitis (Langendijk et al., 2000). These bacteria occurred among patients 
with adult periodontitis at a frequency o f 72%. Furthermore, SRB showed a preference for 
bleeding pockets with complications, such as angular bony defects, and their presence 
showed a significant positive correlation with the probing pocket depth (Langendijk et al., 
2000). Therefore, SRB could indicate sites of elevated risk for periodontal destruction.
Among treated patients in maintenance care, occurrence of SRB was significantly lower, 
but not completely eliminated (Langendijk et al., 1999, 2000). These data suggested that the 
occurrence of SRB is sim ilar to that o f known periodontal pathogens, including 
Actinobacillus actinomycetemcomitans, Porphyromonas gingivalis, Bacteroides forsythus, 
Treponema denticola etc. Yet, these species differ in their response to mechanical treatment 
(Hinrichs et al., 1985; Renvert et al., 1990; Ali et al., 1992; Haffajee et al., 1997a, Slots and 
Ting, 1999), but are generally not eliminated completely (Wikström et al., 1993; Haffajee et 
al., 1997a; Takamatsu et al., 1999). Moreover, A. actinomycetemcomitans is particularly 
resistant to mechanical removal o f subgingival plaque and may respond with an increase in 
its proportion of the microbiota (Renvert et al., 1990; Mombelli et al., 1994; Takamatsu et 
al., 1999). The aim of this study was to monitor the effect of mechanical treatment on the 
occurrence of SRB in patients that had not been treated before.
Material and Methods
Selection of subjects
For this study 38 patients were selected, who harbored SRB in at least one of the pockets at 
initial examination, prior to initial treatment (Langendijk et al., 2000). The patients attended a 
private clinic for periodontal treatment in Nijmegen, The Netherlands. In at least one sextant, 
they scored a CPITN of 4 according to the Community Periodontal Index of Treatment Needs 
(Rams et al., 1996). The patients showed a general bleeding on probing, several angular bony 
defects or furcations, and radiographs indicated a loss of alveolar bone of 10% to 110% of the 
root length (Table 1). Participating subjects provided informed consent to the protocol that 
had been approved by the Dutch Society o f Periodontology and the Ethics Committee o f the 
Medical Faculty, University o f Nijmegen. Twenty-five o f the patients had not received 
periodontal treatment previously; the 13 other patients were referred for additional 
periodontal treatment after unsuccessful maintenance treatment by a dentist or dental 
hygienist, or they had received periodontal treatment 3 to 6 years ago. The patients that had 
been treated earlier showed a significantly lower bleeding index, with 10% less sites showing 
bleeding on probing, but radiographs showed more angular defects and further degradation of 
alveolar bone (Table 1). Patients who received antibiotics less than 12 months prior to
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examination were excluded from the study. Diagnoses were based on clinical observations of 
the treatment history, radiographs, age, and progression of attachment loss (Academy report,
1999). Their relative resistance to repeated routine therapy characterized patients with 
refractory periodontitis.
Sampling of sites for SRB detection
From each patient 2 to 4 periodontal pockets were sampled, with a total of 117 samples 
collected (Langendijk et al., 1999). The deepest sites, with a depth >5 mm and with visual 
signs o f inflammation, such as edematous and erythematous, were selected. Clinical 
characteristics of the sampled pockets are represented in table 2 .
Table 1. Clinical description o f patients with presence o f periodontal sulfate-reducing 
bacteria before scaling and rootplaning, and the reduction in bleeding index after therapy.
Untreated 
patientsa 
with SRB
Earlier treated 
patientsa with 
SRB
All patients
Number of patients (pockets) 25 (77) 13 (40) 38 (117)
Rapidly progressive periodontitis
patients (pockets) 4 (13) 2 (6) 6 (19)
Adult periodontitis patients (pockets) 21 (64) 8 (26) 29 (90)
Refractory periodontitis patients
(pockets) 3 (8) 3 (8)
Mean age (range) 40.0 (23-55) 43.8 (27-57) 41.3 (23-57)
% of males 44% 31% 39%
% of smokers 34% 36% 35%
Mean % sites with bleeding on
probing (± SEM)b 75.4% ± 3.69 * 62.0% ± 5.26 * 70.8% ± 3.16
Number of angular defects (± SEM)b 3.4 ± 0.75 * 6.0 ± 0.93 * 4.4 ± 0.63
Number of furcations (± SEM)b 3.1 ± 0.71 2.8 ± 0.63 3.0 ± 0.50
Alveolar bone resorption (range)c 38% *(10-100%) 48% *(10-110%) 41% (10-110%)
Reduction of % sites with bleeding
after therapy (± SEM)b 49.8% ± 5.40 * 32.4% ± 6.26 * 43.7% ± 4.31
a Untreated patients have received no previous periodontal treatment, whereas earlier treated patients 
have been treated unsuccessfully by a dentist or dental hygienist. 
b Data represented as the mean number per patient, ± SEM = standard error of the mean. 
c Resorption of alveolar bone at pockets as mean % of the root length, per patient.
*  Significantly different between untreated and previously treated patients (Mann-Whitney, p<0.05)
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Table 2. Clinical description o f the periodontal sites with or without presence o f SRB before 
therapy, and the alteration after scaling and rootplaning.
Pockets with SRB Pockets without 
SRB
All pockets
Number of sites 76 41 117
Probing pocket depth (mm) a 8.08 ± 0.16 8.15 ± 0.27 8.10 ± 0.14
Clinical attachment level (mm) a 8.43 ± 0.19 8.41 ± 0.30 8.43 ± 0.16
Bleeding on probing ratio a 0.93 ± 0.03 0.93 ± 0.04 0.93 ± 0.02
Furcation ratio of sites a 0.22 ± 0.05 0.25 ± 0.07 0.23 ± 0.04
Angular defect ratio a 0.45 ± 0.07 0.41 ± 0.09 0.44 ± 0.05
Endodontal complication ratio a 0 0.17 ± 0.17 0.05 ± 0.05
Differences after scaling and root
planing ± SEM.
Reduction in pocket depth (mm) 3.35 ± 0.23 2.90 ± 0.30 3.19 ± 0.19
Gain of attachment (mm) 3.28 ± 0.25 3.05 ± 0.32 3.20 ± 0.20
Reduction in bleeding ratio 0.41 ± 0.06 0.53 ± 0.08 0.45 ± 0.05
a Represented are the mean data ± SEM = standard error of the mean.
Selected pockets were sampled by insertion o f a sterile, medium-sized paper point for 15-20 
seconds. Immediately thereafter the paper point was submerged into a vial containing 2 ml 
deoxygenated medium for sulfate-reducing bacteria, prepared as described by van der 
Hoeven et al. (1995). The samples were transferred within 24 hours to an anoxic chamber 
(MB200, Braun, Germany) with an atmosphere of 91% nitrogen, 5% carbon dioxide, and 4% 
hydrogen gas, with an oxygen partial pressure below 5 ppm. Enrichment cultures contained 
lactate (23 mmol/L), acetate (18 mmol/L), propionate (21 mmol/L), pyruvate (18 mmol/L), 
and citrate (2 mmol/L) as electron donors, inorganic sulfate (17 mmol/L) as electron 
acceptor, and iron(II) sulfate as indicator for sulfate-reducing activity (van der Hoeven et al., 
1995). The samples were incubated for 2 months under reduced conditions at 35°C in the 
anoxic chamber and strong blackening due to FeS precipitation indicated the presence of 
SRB (Langendijk et al., 1999). The same pockets were sampled at the evaluation six months 
after the initial periodontal treatment.
SRp treatment procedures
All patients received professional oral hygiene instruction, which was reinforced at each 
session. Treatment consisted o f scaling and root planing (SRp) under local anesthesia and 
involved all periodontal pockets with a depth >4 mm. Instruments including Sonosoft, 
Sonicflex (KaVo, The Netherlands) and hand instruments were applied, for one to six 
sessions o f 45-60 minutes each. Six months after treatment clinical effects of the treatment
57
Chapter 4. Elimination of sulfate-reducing bacteria
were evaluated and the presence o f SRB in the sampled sites was monitored. Clinical 
observations such as attachment level and bleeding were recorded at six sites per tooth.
Statistical analysis
The mean ratio of SRB presence was calculated for patient groups and sites. Both clinical 
values and SRB presence were compared before and after scaling and rootplaning by the 
Wilcoxon signed ranks test. Differences in clinical parameters and SRB presence before or 
after treatment, between untreated and earlier treated patient groups were analyzed with the 
Mann-Whitney U test. Differences in SRB presence after treatment between different clinical 
categories of periodontitis were evaluated with the Kruskal-Wallis H test. For analysis of 
differences in clinical parameters between pockets with SRB and pockets without SRB, the 
Mann-Whitney U test was applied. Differences in SRB prevalence between pockets adjacent 
to different types o f teeth were tested by the Kruskal-Wallis H test. Correlations between 
SRB presence in a site and the probing pocket depth or attachment level were calculated 
according to Spearman's rank correlation. All tests were performed two-sided by use of 
statistical software from SPSS©, and values with p<0.05 were accepted as statistically 
significant.
Results
Upon examination before the therapy, SRB were present in 65% of the sampled pockets 
(Table 2). Initially, all selected sites showed extensive loss of attachment and prevalent 
bleeding on probing, both for pockets with and without SRB.
Clinical alterations after scaling and rootplaning
After treatment by SRp, the mean bleeding index of the patients was significantly reduced by 
43.7% of bleeding on probing of all sites per patient (Table 1). Among the three refractory 
patients the number of bleeding sites decreased notably, but not significantly; for the larger 
groups o f patients with rapidly progressive periodontitis (n=6 , p<0.05) and adult 
periodontitis (n=29, p<0.001) the number o f sites with bleeding on probing decreased 
significantly.
Previously treated patients showed an apparent decrease of 32% of bleeding sites per 
patient after SRp, but in untreated patients SRp resulted in reduction o f bleeding at 
significantly more sites (Table 1). After therapy the mean bleeding index for both untreated 
(p<0.001) and earlier treated patients (p<0.05) was significantly reduced, and the initial 
significant difference in bleeding index between the patient groups had leveled off.
For the sampled sites, SRp resulted in a significant reduction o f the probing pocket 
depths (Fig 1A) and a gain o f attachment (Fig 1B) for each o f the clinical categories of 
patients. The mean gain of attachment (Wilcoxon signed ranks, p<0.001) for the selected sites 
was 3.2 mm (Table 2). The majority of the sites, i.e. 64%, showed a decrease in pocket depth
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Fig. 1. The probing pocket depth (A), clinical attachment level (B) and ratio o f bleeding on 
probing (C) o f sampled sites before J and after scaling and root planning ( Q  ). The 
treatment resulted in significant clinical improvement among patients with rapidly progressive 
periodontitis (n=19), adult periodontitis (n=90), and refractory periodontitis (n=8). Errorbars 
represent the standard error o f the mean and significant differences after scaling and root 
planing compared to initial values are indicated, * p<0.05; ** p<0.001.
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and a gain o f attachment more than 2 mm after SRp, while the other sites changed less than 2 
mm in depth and level o f attachment. Additionally, a general decrease in bleeding was 
observed in the sampled pockets, with only half o f the selected deep pockets showing 
bleeding on probing after SRp. For the selected pockets a significant decrease in the 
frequency o f bleeding was observed among patients with rapidly progressive, adult, or 
refractory periodontitis (Fig 1C).
Elimination of SRB
The clinical improvement after SRp corresponded with a strong reduction in SRB presence. 
The initial treatment resulted in removal of SRB from 89% of the 38 patients harboring SRB 
before treatment. Likewise, among 76 pockets with SRB before therapy, SRp eliminated SRB 
below detection level for 95% of the sites.
For the three refractory patients, SRp eliminated detectable SRB in all sampled pockets 
(Fig 2A). Among patients with rapidly progressive periodontitis, one of the six patients still 
harbored SRB after treatment, i.e. SRB presence was reduced from 13 initial pockets to one 
pocket with SRB after SRp. Also, in most of the patients with adult periodontitis, the 
treatment reduced SRB below detection level. The SRB presence among these patients was 
decreased from 59 to 3 pockets after SRp. No significant differences in elimination of SRB 
between the clinical categories of periodontitis were observed. In each of these categories of 
periodontitis the presence of SRB in pockets was significantly reduced after SRp (Fig 2A).
The 34 patients from whom SRB were eliminated after SRp showed a significant 
reduction in the bleeding index of 46% of the mean proportion of sites bleeding on probing 
(Wilcoxon signed ranks, p<0.001). For two sampled periodontal sites no data were available 
after SRp, as the studied tooth was extracted. The remaining 72 sites that initially harbored 
SRB and in which SRB had been eliminated after SRp showed a significant reduction in 
pocket depth of 3.34 mm, in ratio of bleeding on probing of 0.42, and a gain of attachment of 
3.27 mm compared with initial values (Wilcoxon signed ranks, p<0.001).
Pockets harboring SRB were located throughout the oral cavity, at incisors (n=19), 
canines (n=34), premolars (n=28) or molars (n=36) (Fig 2B). Before SRp, the detection 
frequency of SRB tended to be greater at teeth located more distally along the dental arc, but 
after initial treatment, SRB were significantly eliminated from pockets at each type of tooth.
Persistence of SRB
Four patients, i.e. 10.5%, still harbored periodontal SRB after SRp. Persistent SRB occurred 
in three pockets, and one patient acquired SRB in a site at a new location, i.e. 3.5% of the 
sampled sites harbored SRB after initial treatment. There was a tendency for SRB to persist 
more frequently in patients that had been treated earlier (Fig 3A). For untreated patients, SRp 
was effective for elimination o f SRB, since after mechanical treatment of 49 SRB harboring 
pockets, the bacteria were only detected in a single pocket.
From ten pockets with an initial depth of 10 mm or more, wherein SRB were found, SRB 
persisted in three pockets after treatment (Fig 3B). All sites that harbored SRB after SRp had
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Fig. 3. (A) The elimination o f SRB after scaling and root planing among patients who had not 
been treated before tended to be effective in comparison with patients who had 
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an initial depth of 9 mm or more; thus, from all pockets with a depth less than 9 mm SRB 
were eliminated after SRp. Accordingly, a significant correlation with rho=0.238 was 
observed between persistent SRB after treatment and the initial probing pocket depth 
(Spearman's rank, p<0.02). Furthermore, presence of SRB in pockets after SRp correlated 
with the initial attachment level (p<0 .02), and with bleeding on probing o f the site after 
treatment (p<0.05), according to Spearman's rank correlation with rho=0.234, and rho=0.197, 
respectively.
For patients with SRB remaining after SRp, the reduction in bleeding index was less than 
half in comparison with those patients in whom SRB were completely eliminated. For such 
patients with persistent SRB, the decrease in the mean proportion of sites bleeding on probing 
after SRp was only 22%, and this reduction of the bleeding index was not significant.
Discussion
The elimination of a periodontal pathogen in destructive periodontal disease should be 
accompanied by a remission of disease (Haffajee and Socransky, 1994). In this study patients 
with different manifestations of periodontitis were selected who initially harbored periodontal 
SRB, in order to evaluate elimination of these bacteria by initial treatment. For a significant 
proportion o f the patients, SRp eliminated SRB presence below detectable levels in all 
sampled pockets. Correspondingly, the proportion of periodontal sites bleeding upon probing 
decreased significantly among these patients. Likewise, the frequency of occurrence of SRB 
in periodontal pockets was significantly reduced after the treatment. Accordingly, these sites 
showed a significant clinical improvement in pocket depth, attachment level, and bleeding on 
probing after SRp.
The sites that were selected in this study responded favorably to the therapy, which is 
often observed for pockets o f this depth, as initially 108 of the 117 sites were more than 6 
mm deep (Lowenguth and Greenstein, 1995). In a comparable study among 16 patients, A. 
actinomycetemcomitans was isolated after initial treatment from 50% of the patients and from 
31% of the sites (Renvert et al., 1990; Wikström et al., 1993). Furthermore, P. gingivalis 
occurred after SRp in 44% of the patients and 16% of the sites. In comparison, this study 
showed that SRB were eliminated effectively by SRp, with SRB found in only 11% of the 
patients and persisting in only 4% of the sites. A halted periodontal degradation or slight to 
strong clinical improvement accompanied the mechanical removal of SRB.
Persistence of SRB after therapy tended to occur more frequently among previously 
treated patients, who had been referred for additional treatment, after previous treatment 
appeared unsuccessful, in comparison with untreated patients. This might indicate a 
susceptibility of the host or specific sites (Loos et al., 1989) for a persistent microbiota and/or 
a high microbial resistance to mechanical debridement. Persistence of SRB in sites for this 
longitudinal study was related to initial probing pocket depth and attachment level, 
suggesting that mechanical treatment was less effective for the deeper pockets, which are less
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accessible for scaling and root planing (Lowenguth and Greenstein, 1995). Furthermore, 
maintenance of SRB in deep pockets appeared to correlate with bleeding on probing of the 
site after treatment. Possibly such sites could benefit from additional treatment, e.g. 
antibiotics or surgery. One of the four patients who appeared to harbor persistent SRB had 
previously been treated by surgery; the three other patients were recommended for 
subsequent treatment by surgery and extractions were needed for two of these patients.
The parallel improvement in clinical features with elimination o f SRB suggests a 
possible value o f SRB as indicators for successful mechanical debridement. However, 
particular patients show loss o f attachment and further periodontal destruction after SRp 
(Colombo et al., 1998; Haffajee et al., 1997b). As no such effects were observed among the 
patient group in this study, comparison of SRB presence among refractory patients could 
indicate that SRB might be involved in pockets that may benefit from additional supportive 
therapy. In a preliminary study among 5 refractory patients, SRB were present in 3 patients 
(n=5), and no SRB persisted in those patients during this longitudinal study (Langendijk et 
al., 2000; this work). However, SRB presence among recall patients indicates that these 
bacteria might be involved in disease recurrence. Among patients under maintenance care 
after a long interval (Langendijk et al., 1999) and after shorter intervals (Langendijk et al.,
2000) the frequency of occurrence of SRB was 88% (n=8) and 33% (n=9) o f the patients, 
respectively. Among these recall patients, 35% of 51 pockets harbored SRB, which is almost 
half o f the SRB occurrence in sites of untreated patients, but implies a ten-fold increase in 
comparison with SRB presence after initial therapy. This elevated SRB prevalence among 
patients in maintenance care suggests that SRB can recur after mechanical debridement.
This study indicates that mechanical debridement is effective for elimination of sulfate- 
reducing bacteria in the initial treatment of periodontitis. These bacteria are associated with 
various manifestations of periodontitis and their presence correlates with increased pocket 
depth (Langendijk et al., 2000). Here, persistent SRB correlated with elevated initial probing 
depth and bleeding o f sites after treatment. Prospective studies where pockets are followed 
over time would be required to analyze effects of SRB perseverance. These studies may also 
compare elimination of SRB by SRp with adjunctive forms of therapy.
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Abstract
The species of sulfate-reducing bacteria that prevail in sites affected by periodontal disease 
may be different from those commonly occurring in the digestive tracts o f healthy 
individuals. Ten strains of mesophilic sulfate-reducing bacteria (SRB) were isolated from 
subgingival plaque in periodontal lesions of ten patients with periodontitis. Characterization 
on the basis o f morphological, physiological, and phylogenetic properties demonstrated two 
distinct types of oral SRB.
One strain was a curved rod with high motility. For dissimilatory sulfate-reduction, 
lactate or pyruvate was oxidized incom pletely to equim olar amounts o f acetate. 
Desulfoviridin and cytochrome c3 were present in this mesophilic vibrio and the cellular lipid 
profile was similar to that from members o f the genus Desulfovibrio. The 16S rDNA 
sequence was similar to that of the proposed 'Desulfovibrio fairfieldensis’.
Cells of the nine other strains were straight, rod-shaped, exhibited a low growth rate and 
oxidized substrates incompletely to acetate. These SRB, like members o f the genus 
Desulfomicrobium, lacked desulfoviridin. Analysis of 16S rDNA sequences of seven of the 
nine isolates showed a high degree of similarity among these oral strains, forming a distinct 
lineage within the genus Desulfomicrobium. The cellular lipid profile of a representative oral 
strain, NY678T, was in accordance with that o f other Desulfomicrobium species, but also 
showed dissimilar features. The phenotypic and phylogenetic analyses indicate that these rod­
shaped SRB from the oral cavity could be regarded as a new species, for which the 
designation Desulfomicrobium orale sp. nov. is proposed.
Introduction
The majority of adults experience gingivitis and some degree o f periodontitis, inflammatory 
diseases that affect the tooth-supporting tissues. In contrast to gingivitis, periodontitis 
involves deeper tissues and implies destruction of connective-tissue attachment and of the 
adjacent alveolar bone; this leads eventually to the loss of teeth. In 5-20% of adults, severely 
progressive forms of periodontitis cause extensive loss of tooth-supporting connective tissue 
and bone (Brown & Löe 1993). Affected sites, where a pocket is formed between the tooth 
and the periodontal tissue, harbor a diverse microbiota of predominantly anaerobic bacteria, 
in which more than 500 different bacterial species have been detected (Moore & Moore
1994). Certain periodontal bacteria, such as Actinobacillus actinomycetemcomitans, 
Porphyromonas gingivalis, and spirochetes, are suspected pathogens in the complex etiology 
of periodontal diseases (Haffajee & Socransky 1994, Socransky & Haffajee 1997).
Recently, sulfate-reducing bacteria (SRB) have been detected in periodontal pockets (van 
der Hoeven et al. 1995). SRB mineralize products of fermentation and participate as terminal 
degraders in the anaerobic degradation of organic matter, e.g. in marine sediments and 
wastewater-purification plants (Widdel 1988, Hansen 1993). The accumulation o f their
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product, H2S, is highly toxic to plants, animals and all other living cells, and may become 
dangerous for humans under poorly ventilated conditions (Beauchamp et al. 1984). The SRB 
form a heterogeneous assemblage of strictly anaerobic species that demand anoxic, reducing 
conditions for their growth in pure culture (Postgate 1984). However, in mixed populations, 
SRB are able to grow in oxic zones of biofilms and microbial mats (Santegoeds et al. 1998, 
Okabe et al. 1999, Canfield & Des Marais 1991).
In addition, the presence o f several genera o f SRB (including Desulfovibrio, 
Desulfobacter, Desulfomonas, Desulfobulbus, and Desulfotomaculum) in the guts o f humans 
and animals has been reported (Gibson et al. 1988, 1991; Lin et al. 1997). Members o f the 
genus Desulfovibrio are commonly found in the intestine, but a relationship between an 
increase in the presence of Desulfovibrio species in the human intestine and ulcerative colitis 
was indicated by Gibson et al. (1991).
SRB occur in the mouths of approximately 10% of healthy subjects (Langendijk et al.
1999); these bacteria could be detected on the tongue, on various oral mucosal tissues (Willis 
et al. 1995), in plaque and in saliva (Willis et al. 1999). Recently, the presence of oral SRB 
was shown to be related to several clinical categories of periodontal disease, including early- 
onset periodontitis, rapidly progressive periodontitis, adult periodontitis, and refractory 
periodontitis (Langendijk et al. 2000). Among periodontitis patients, the frequency o f the 
presence of SRB increased significantly (to 58-72% of the patients). SRB showed a strong 
association with adult periodontitis, as 72% of such patients harbored SRB in at least one 
periodontal pocket. Furthermore, the presence of SRB in periodontal sites was correlated with 
increased periodontal pocket depth. Accordingly, SRB could serve as risk indicators for 
periodontal disease (Langendijk et al. 2000).
However, certain species of SRB might have relationships to oral health or disease that 
differ from those of others. So far, only preliminary taxonomic identification o f oral SRB has 
been reported. Some periodontal isolates were suggested to belong to the genera 
Desulfovibrio and Desulfobacter (van der Hoeven et al. 1995). Oral SRB from periodontally 
healthy subjects were identified as Desulfovibrio species, although they were less vibroid and 
motile, and grew at a particularly slow rate compared with intestinal strains (Willis et al.
1995). In comparison, samples from healthy oral mucosa required significantly longer 
incubation times to show sulfate-reducing activity than samples from periodontal pockets 
(Langendijk et al. 1999). This may be due to the presence of SRB in smaller cell numbers, 
but, alternatively, it might indicate that SRB from periodontal pockets possess particular 
physiological properties in comparison with SRB from other environments. In this study, 
SRB were isolated from periodontal pockets for identification and characterization of their 
morphological, physiological, and phylogenetic properties.
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Material and Methods
Samples and enrichment cultures
In four dental clinics, three in The Netherlands and one in Germany, samples were taken 
from a total of 83 patients who were being treated for periodontitis (van der Hoeven et al. 
1995, Langendijk et al. 1999, 2000). The deepest periodontal pockets were selected for 
sampling (n=220). Supragingival plaque was removed and, after placement of cotton rolls, 
the site was blown dry to remove saliva. A sterile, medium-sized paper point was inserted 
deeply into the pocket and left for 20 s. Immediately thereafter, the paper point was 
submerged into a vial with 2 ml enrichment medium (van der Hoeven et al. 1995) and 
minimal headspace. Samples were transferred within 24 h to an anoxic chamber (MB200, 
Braun, Garching, Germany) with an oxygen partial pressure below 5 p.p.m. In the chamber, 
the headspace of the samples was replaced with 5 % CO2, 4 % H2 and 91 % N2 and the 
enrichment samples were incubated in this atmosphere at 35 °C for 2 months. Strong 
blackening due to FeS precipitation indicated the presence of SRB.
Isolation and cultivation of strains
The enrichment medium was prepared as described previously (van der Hoeven et al. 1995). 
Briefly, the semi-synthetic mineral medium was supplemented with 1 g yeast extract l-1, and 
30 mg Na2S2O4 l-1 was added to lower the redox potential. A combination of lactate, 
pyruvate, acetate, propionate, and citrate served as electron donors. Inorganic sulfate served 
as electron acceptor, and FeSO4 was the indicator for sulfate-reducing activity. Agar plates 
for the isolation of strains were composed of the same medium, supplemented with 20 g agar 
l-1.
Colonies showing strong blackening due to sulfidogenic activity were streaked until 
purity onto agar plates. Ten isolates obtained from 10 distinct periodontitis patients were 
characterized further.
The isolated strains were finally grown on plates of enriched blood agar, composed of (l­
J): 25 g brain-heart infusion (Difco), 10 g bacto-peptone (Difco), 10% (v/v) defribrinated 
sheep blood, 23 mM sodium lactate, 1 g KNO3, 1 g disodium succinate, 1 g sodium formate,
2 g Na2SO4, 0.5 g (NH4)2Fe(SO4)2.6H2O, 5 mg haemin, 1 mg vitamin Ki, 20 g bacto-agar 
(Difco) and 30 mg Na2S2O4. All incubations were at 35 °C in the anoxic chamber. Strains 
were stored in 200 g skimmed milk l-1 at -80  °C. Two of the isolated strains, NY682 and 
N Y 6 7 8 t  have been submitted to the Deutsche Sammlung von Mikroorganismen und 
Zellkulturen (DSMZ), Braunschweig, Germany, and are referred to as DSM 12803 and DSM 
12838t , respectively. Strain FD1, an intestinal isolate from a human colon, was obtained 
from G.R. Gibson (Cambridge, UK) and was used as a control for DNA extraction and 
amplification.
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Physiological analyses of growth and substrates
Cell density was determined with a Shimadzu UV-160A spectrophotometer, using 1 cm 
cuvettes at 550 nm.
Utilization o f different substrates was tested in a basal medium prepared according to 
van der Hoeven et al. (1995). The medium contained (l-1): 3.0 mg CaCl2.H2O, 0.65 g 
K2HPO4.3H2O, 1.0 g NH4Q , 1.65 g MgCl2.6H2O, 2.0 g NaHCO3, 1.0 g yeast extract, 1.0 g 
agar, 0.8 mg resazurin and 30 mg Na2S2O4. The basal medium was supplemented as indicated 
with 18 mM Na2SO4 and either 20 mM sodium lactate, 20 mM sodium pyruvate, 20 mM 
disodium propionate, 10 mM ethanol, 101 kPa H2, 40 mM sodium formate, or 20 mM sodium 
acetate, at a final pH of 7.6. To determine the growth rates of strains NY682 and NY678T, the 
medium was supplemented with 20 mM sodium lactate and 20 mM Na2SO4.
After 4 weeks’ incubation, the concentrations of fatty acids and sulfate were determined 
by capillary electrophoresis over an uncoated capillary (inner diameter, 75 p,m; length, 40 cm 
to detector), using the P/ACE system 2210 (Beckman). The buffer used was composed of 20 
mM L-histidine and 0.1 mM cetyltrimethylammonium bromide; phthalic acid was used to 
adjust the pH to 5.6. Measurements were performed at reversed polarity (System Gold 
integration program; Beckman) at 10 kV and 25 °C by indirect detection at 254 nm.
The ranges o f temperature for growth o f oral Desulfovibrio strain NY682 and oral 
Desulfomicrobium  strain NY678T were determined by incubation in basal medium 
supplemented with 20 mM lactate, 18 mM sulfate, and 0.5 g FeSO4.7H2O l-1 for 5 months (in 
triplicate).
Analyses of cellular components and pigments
For electron microscope analysis, cells were washed gently in PBS (pH 7.6) and concentrated 
to OD550 o f 1, which was determined using a Shimadzu UV-160A spectrophotometer. 
Aliquots were applied to a nickel Formvar-coated grid for 15 min, blotted dry and then 
stained for 5 s with a 1 % (w/v) phosphotungstic acid solution (pH 7.0).
The presence o f desulfoviridin was determined by its red fluorescence in UV light in 
300-fold concentrated cell suspensions immediately after the addition of 2 M NaOH 
(Postgate, 1984). Desulfomonas pigra DSM749T or Desulfovibrio desulfuricans subsp. 
desulfuricans DSM6949 served as the positive control and Desulfomicrobium escambiense 
DSM10707t  served as the negative control.
Cytochromes o f oral Desulfovibrio strain NY682 and oral Desulfomicrobium strain 
NY678t  grown with 20 mM lactate and 20 mM sulfate were identified in dithionite-reduced 
versus air-oxidized cell suspensions by spectroscopy using a Shimadzu UV-160A 
spectrophotometer (Smith 1978).
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Cellular fatty acids were determined from cultures in late exponential growth phase in 
basal medium, without agar, supplemented with 24 mM sodium lactate and 20 mM Na2SO4. 
Fatty acids were extracted and analyzed by the DSMZ by gas chromatography as described 
by Vainshtein et al. (1992).
The G+C content of the genomic DNA was determined at the DSMZ by using HPLC 
according to the method of Mesbah et al. (1989).
DNA extraction
Before DNA extraction, 1 ml of the culture was centrifuged at 10 000 g  at 4 °C for 3 min, 
resuspended and then washed in 50 mM sodium acetate /  10 mM EDTA (pH 5.1). 
Lysozymewas added at a final concentration of 1 mg ml-1; this was followed by incubation at 
37 °C for 30 min. Proteinase K (0.5 mg ml-1) and SDS (0.5% w/v) were subsequently added 
and incubation was continued at 50 °C for 15 min. Nucleic acids were then extracted by 
phenol / chloroform treatment and were purified by ethanol precipitation (Sambrook et al.
1989). DNA was suspended in 50 p,l 10 mM Tris/HCl (pH 8.0) / 1 mM EDTA.
DNA amplification
Full-length 16S rDNA was amplified from isolates NY678T (DSM 12838T), NY682 (DSM 
12803), NY676, NY677, NY679, NY683, and FD1, using the eubacterial primers 8f  and 
1492r (Lane 1991, Relman 1993). Amplification was performed in a Perkin Elmer 
thermocycler 2400 employing the hot-start technique with AmpliWax PCR Gem 100 wax 
beads (Perkin Elmer). The lower phase (25 p,l volume) contained PCR buffer L [final 
concentrations: 10 mM Tris/HCl, pH 8.85; 5 mM (NH4)2SO4; 3 mM MgSO4], primers at 0.3 
p,M each, and 10 p,l of template DNA. The upper phase (75 p,l volume) contained PCR buffer 
U [final concentrations: 10 mM Tris/HCl, pH 8.85; 5 mM (NH4)2SO4; 3 mM MgSO4; 25 mM 
KCl], dNTPs at 0.3 mM each and 2 U Pwo DNA polymerase. The temperature profile was as 
follows: pre-PCR denaturation at 95 °C for 2 min, 35 cycles of denaturation at 95 °C for 15 s, 
annealing at 63 °C for 1 min and extension at 72 °C for 15 s and post-PCR extension at 72 °C 
for 7 min. One microlitre of each of the obtained PCR products was reamplified under the 
same conditions for another 30 cycles. After electrophoresis, the PCR products were excised 
from the gel and the DNA was subsequently extracted (QIAEX kit, Qiagen). These PCR 
products were either cloned, or 1/20 of the volume was reamplified for 30 cycles under the 
conditions described above and subsequently cloned.
16S rDNA sequencing
Purified PCR products (PCR Purification Kit, Qiagen) were ligated into the SmaI site of 
pBluescript II SK(-) and used to transform E. coli XL1-Blue M RF’ by electroporation. 
Plasmid DNA was extracted from E. coli transformants by alkaline lysis and was further 
purified on QIAGEN-tip 20 columns for sequencing with AmpliTaq FS (Perkin Elmer).
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Primers binding at conserved sites within the 16S rDNA were used, as well as T3 and T7 
primers, and the sequencing reactions were electrophoresed on an ABI 373 automated 
sequencer (Perkin Elmer).
16S rDNA analysis
The 16S rDNA sequences of this study, as well as that of ‘Desulfomicrobium hypogeium’ 
were manually aligned against representative members o f the ô-subdivision o f the 
Proteobacteria (Maidak et al. 1999). The sequence data o f 1153 aligned bases, between E. 
coli positions 83 and 1365, were used for the phylogenetic analysis. Phylogenetic analysis 
was done with a beta version of PAUP* 4.0 run on a PowerMacintosh (Swofford 1998). 
Similarity matrices were corrected for multiple base changes by the method of Jukes & 
Cantor (1969). Phylogenetic trees were constructed employing the neighbor-joining method. 
The topology of this tree obtained after 1000 bootstraps was compared with the topologies of 
other trees after 1000 bootstraps o f branch-and-bound searches using the maximum- 
parsimony criterion, as well as after 1000 bootstraps of heuristic searches with the maximum- 
likelihood criterion.
Nucleotide sequence accession numbers
The GenBank/EMBL accession numbers for the 16S rDNA sequences of strains NY678T, 
NY676, NY677, NY679, NY683, NY682, and FD1 are AJ251623, AJ251628, AJ251629, 
AJ251624, AJ251627, AJ251630, and AJ251631, respectively.
Results and discussion
Isolation and morphology of oral SRB
In 49 % of the patients, SRB were present in at least one of the periodontal sites. SRB were 
present in 37 % of the periodontal pockets that were sampled, i.e. in 138 enrichment cultures. 
However, few of these enrichments o f SRB allowed isolation o f oral strains o f SRB. Agar 
plates showed complete blackening due to sulfide production, but sulfidogenic colonies were 
formed only sporadically in the absence o f other oral bacteria. Ten isolates were obtained 
from periodontal pockets o f ten different patients; one o f the patients attended a German 
dental clinic and the other patients attended three different Dutch dental clinics for 
periodontal treatment (Table 1).
Nine o f the isolates demonstrated highly similar morphological and physiological 
properties. Growth on agar plates showed complete blackening by FeS due to sulfate- 
reducing activity, but only tiny colonies were formed, and a binocular microscope had to be 
used in the anoxic chamber for routine transfer of colonies. Similarly poor growth occurred in 
liquid culture as each o f the nine strains showed obvious sulfide production after several 
days, but never grew into turbid cultures. Phase-contrast microscopy of these strains revealed
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rod-shaped bacteria; motility was rarely observed. Electron-microscope analysis of negatively 
stained cells o f strain NY678T showed presence of single polar flagella (Fig. 1). The rods 
were 0.6-0.8 p,m by 1.8-3.0 p,m in size.
In contrast, one of the ten isolates, strain NY682, grew much faster and showed normal 
colony size and turbidity in liquid cultures. Phase-contrast microscopy of this strain revealed 
curved rods. The vibroid cells were highly motile. All strains were Gram negative by staining 
and no spores were observed.
Table 1. Features o f sulfate-reducing bacteria (SRB) isolated from subgingival plaques of 
ten patients with periodontitis.
Growth is scored as: - ,  no growth; + low growth rate with low final OD; +++, normal growth and 
turbidity; NT, not tested. All strains showed inclompete oxidation o f lactate resulting in equimolar 
accumulation o f acetate.
Feature NY678t
(=DSM
12838t )
NY684 NY679 NY680 NY681 NY683 NY676 NY685 NY682
(=DSM
12803)
NY677
Origin of 
isolate*
A B D G H L M S V W
Morphology 
Growth on:
Rod Rod Rod Rod Rod Rod Rod Rod Vibrio;
motile
Rod
Acetate + 
SO42-
- NT - - - NT - NT - -
Lactate + 
SO42-
+ + + + + + + + +++ +
Propionate + 
SO42-
- NT - - - NT NT NT - -
Presence o f  
desulfoviridin
- - - - - - - - + -
Clustering of 
16S rDNAf
Dm NT Dm Dm (p) Dm (p) Dm Dm NT Dv Dm
* Isolates were obtained from periodontal pockets of the patient shown. Patient G attended a 
German periodontal clinic; the other subjects were patients of three different Dutch dental clinics. 
f  Complete 16S rRNA sequences clustered within those of Desulfomicrobium spp. (Dm) or of 
Desulfovibrio spp. (Dv); (p), partial sequences.
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Fig. 1. Transmission electron micrograph o f negatively stained cell o f  Desulfomicrobium  
orale sp. nov., periodontal strain NY678T (=DSM 12838T). Bar, 1 ¡jm.
Substrate utilization and growth
The ten strains isolated oxidized lactate incompletely in the presence of sulfate. Equimolar 
amounts of acetate accumulated, which could not be utilized in a dissimilatorily manner for 
growth (Table 1). None of the strains utilized propionate. These properties, in combination 
with the mesophilic temperature optimum, indicate that all of the oral strains isolated belong 
to the proposed family ‘Desulfovibrionaceae’ (Devereux et al. 1990). The substrate 
utilization of two representative strains is given in Tables 1 and 2.
In medium with 20 mM lactate and 20 mM sulfate, the rod-shaped bacteria o f strain 
N Y 678t  grew for 24 h with a minimal doubling time of 11 h (p,max=0.062 h-1), until an 
0 D 550=0.028 was reached. During the subsequent 27-99 hours after inoculation, growth could 
be observed at a doubling time of 20 hours, with a final OD550 of 0.34.
The vibroid strain NY682 grew in the same medium at a minimal doubling time of 6 h 
(M-max=0.11 h-1) to an OD550 o f 0.18 after 24 h. From 20-38 h after inoculation, the growth 
rate decreased to a doubling time of 8.5 h, giving an OD550 of 0.59 after 38 h. The molar 
amounts of lactate used per mole of sulfate were 2.5 and 2.1 for NY678t  and NY682,
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Table 2. Characteristics o f two representative strains o f oral SRB.
The two strains were selected from the strains listed in Table 1. Both strains contained cytochrome c3 
and both were positive for growth on H2/CO2 + SO42-, formate + SO42-, ethanol + SO42-, pyruvate + 
SO42- (consumption resulted in accumulation o f equimolar amounts o f acetate) and pyruvate without 
SO42-.
Characteristic Desulfovibrio strain NY682 
(=DSM 12803)
Desulfomicrobium orale 
NY678t  (=DSM 12838t )
Cell shape Vibrio Rod
Motility + + / -
Optimum temperature (range) 37 (18-41) 37 (25-39)
(°C)
Presence of desulfoviridin + -
G+C content of DNA 61.1 59.7
(mol%)*
* The error of triplicate determinations was 0.5 mol%.
respectively. The yields o f strain NY678T were 2.6 g cell dry mass per mole sulfate 
consumed and 1.1 g cell dry mass per mole lactate consumed. The yields of strain NY682 
were 13.2 g cell dry mass per mole sulfate consumed and 6.3 g cell dry mass per mole lactate 
consumed.
Strain NY678T grew at temperatures from 25 to 39 °C, with an optimum growth rate at 
37 °C. No growth was observed at 22 or 41 °C. Strain NY682 showed a temperature range 
for growth of 18-41 °C. This strain showed an optimum growth rate at 37 °C; no growth was 
observed at 45 °C (Table 2).
Chemotaxonomic cellular components
Desulfoviridin was detectable in cell lysates of strain NY682, whereas the nine other strains 
lacked desulfoviridin (Table 1). Strains in the latter group share the non-curved morphology 
and absence of desulfoviridin with members of the genus Desulfomicrobium. This genus is 
metabolically similar to Desulfovibrio, but is characterized by its rod-shaped morphology and 
by the possession of bisulfite reductase desulforubidin instead of desulfoviridin (Rozanova et 
al. 1988, Lee et al. 1973).
The absorption spectra of reduced versus oxidized cell suspensions of strains NY682 and 
NY678t  showed maxima at 552, 522, and 419 nm. These spectral peaks correspond to the a , 
ß, and y peaks of cytochrome c3 (Smith 1978). The G+C contents of genomic DNA of strains 
NY682 and NY678T were 61.1 ± 0.5 and 59.7 ± 0.5 mol%, respectively (Table 2).
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The cellular lipid profiles o f strains NY682 and NY678T (Table 3) showed the presence 
of substantial proportions of isoheptadecenoate (i17:1), which is a chemotaxonomic marker 
o f the ‘Desulfovibrionaceae’ (Taylor & Parkes 1983, Edlund et al. 1985, Tourova et al. 
1998). Most of the cellular fatty acids of strain NY682 also occurred in other Desulfovibrio 
desulfuricans strains, and were within the range of variation observed among various strains 
grown with either pyruvate (Vainshtein et al. 1992), H2/CO2 (Taylor & Parkes 1983), or 
lactate (Taylor & Parkes 1983, Kohring et al. 1994, Dzierzewicz et al. 1996) as the electron 
donor. The ratio o f saturated to unsaturated fatty acids was high, as has been observed for 
human intestinal strains in comparison with strains of Desulfovibrio desulfuricans isolated 
from soil (Dzierzewicz et al. 1996). However, the content of isoheptadecenoate (i17:1) was 
distinctively lower in the oral vibrio NY682, and the levels o f dimethyl hexadecanal 
(16:0dma), cyclopropyl heptadecanoate (17:0cyc), and hexadecanal (16:0 aldehyde) were 
elevated in comparison with the amounts o f these fatty acids detected in strains of 
Desulfovibrio desulfuricans from the gut and other environments.
For strain NY678T the major cellular fatty acids were palmitate (16:0) and stearate 
(18:0), as for other Desulfomicrobium spp. grown with lactate (Tourova et al. 1998). Pyruvate 
as a substitute for lactate resulted in a shift o f 5-6 % in most major fatty acids of 
Desulfovibrio giganteus (Vainshtein et al. 1992), and may partially account for the variation 
in the fatty acid profiles of Desulfomicrobium baculatum and Desulfomicrobium apsheronum 
reported by Vainshtein et al. (1992) and Tourova et al. (1998). The minor quantity of 
isoheptadecenoate (i17:1) and the prevalence o f oleate (18:1) o f strain NY678T are also 
within the range o f fatty acid profiles o f other Desulfomicrobium species. Although the 
dominating fatty acids confirm an affiliation with the genus Desulfomicrobium, four cellular 
fatty acids distinguish strain NY678T from other members of this genus. These fatty acids are 
heptadecanoate (17:0), two heptadecenoates (17:1 c9 and 17:1 c11), and 3-hydroxy palmitate 
(16:0 3OH), which together amount to 7.7 % of the total cellular fatty acid content of strain 
NY678T.
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Table 3. Cellular fatty acid composition o f Desulfovibrio and Desulfomicrobium species.
Values are percentages of total fatty acid content. Cumulative data for Desulfovibrio desulfuricans (5 
strains), Desulfomicrobium baculatum (4 strains), Desulfomicrobium apsheronum DSM5918T and 
Desulfomicrobium norvegicum DSM1741T were obtained from Taylor & Parkes (1983), Vainshtein et 
al. (1992), Kohring et al. (1994), Dzierzewicz et al. (1996) and Tourova et al. (1998). Data for oral 
Desulfovibrio strain NY682 and oral Desulfomicrobium strain NY678T are from this work. Potential 
chemotaxonomic markers are shown in italics and discriminating fatty acids are shown in bold.
Fatty acid ECL Oral Dv. 
str. NY682
Dv.
desulfuricans
Oral Dm. 
str. NY678T
Dm.
baculatum
Dm.
apsheronum
Dm.
norvegicum
12 : 0 12.00 0-3.1 0-0.4 0-1.9
13 : 0 13.00 0-0.4 1.8
14 : 0 14.00 2.3 0-3.2 0.9 0-2.9 0.3-8.0
i15 : 1 14.41 0-2.9 1.5-4.0 0-2.4 3.6
05 14.62 21.2 1.6-33.1 12.4 4.7-11.6 3.0-7.1 11.6
05a1 14.71 3.4 0.6-7.0 5.6 3.5-7.7 2.0-4.7 7
16 : 0 alde 14.95 4.5 0-1.0
15 : 0 15.00 0-1.6 0.6 0-0.8 0-3.7
i15 : 0 dma 15.11 0.7 0-1.9
i16 : 1F 15.41 0-1.0 0-0.9 0-1.0
i16 : 1H 15.46 0.3 0-1.4 0-2.1 0-2.8 0.9
15 : 0 dma 15.49 1.3 0-1.2
06 15.63 0.4 0.2-3.6 1.0 0-1.0 0-1.3
16 : 1c9 15.82 2.1 1.3-13.8 6.7 2.2-9.4 6.2-8.3 2.4
16 : 1c11 15.91 0.8 0-0.4
16 : 0 16.00 27.8 3.3-19.7 18.8 3.6-15.7 4.3-42 2.4
i15 : 0 3OH 16.13 0-0.5 1.9 1.2-2.4 0.2-1.8 3.8
a15 : 0 3OH 16.23 0.5 0-1.2 0-0.7 1.7
16 : 1c9 dma 16.29 0.8
i17 : 1 16.42 8.2 20.9-40.7 6.7 4.0-28.6 1.3-17.8 28.8
16 : 0 dma 16.47 6.9 0-1.4 0-0.6 0-0.3 0.6
a17 : 1 16.53 0.4 0-13.8 1.8 0-4.1 0-2.6 4.1
i17 : 0 16.63 5.5 7.0-15.5 3.2 0.9-6.9 1.2-3.6 6.3
07a1 16.72 0.4 0.5-16.1 2.3 2.0-8.3 1.7-4.1 6.7
17 : 1c9 16.79 1.1 0-0.4
17 : 1c11 16.86 0-0.7 1.2 0-0.2
17 : 0 cyc 16.89 4.8
17 : 0 17.00 0.7 0-1.0 3.7 0.2-0.9 0.4-1.9
adma07 17.10 1.3 0-2.3
16 : 0 3OH 17.52 0-0.1 1.7 0-0.9 0-0.8 0.4
18 : 1c9 17.77 0.5 0-1.0 2.4 2.6-63 2.4-6.3 2.2
18 : 1c11 17.82 0.3 0-2.4 7.9 6.4-14.2 1.0-17.6 5.9
18 : 0 18.00 1.6 0.3-6.5 16.8 6.0-22.8 9.0-19.2 2.7
i17 : 0 3OH 18.16 0-3.5 0-2.2 0-0.7 2.2
18 : 0 dma 18.46 0.5 0-0.8 0-0.8
18 : 0 3OH 19.55 0.8 0-0.9 0.3
20 : 0 20.00 0-0.4 0-1.1
Sum identified 94.6 100.0
Abbreviations: ECL, equivalent chain length; Dv, Desulfovibrio; str, strain; Dm, Desulfomicrobium; i, 
iso-branched; a, anteiso-branched; alde, aldehyde; c, cis; cyc, cyclopropyl; dma, dimethylacetal; F, H, 
different positions of double bonds; OH, hydroxy. Fatty acids occurring in trace amounts (< 0.5% in all 
strains) were omitted.
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Phylogenetic analysis
The complete 16S rRNA gene sequences were determined of six of the ten oral SRB isolates. 
For two of the other isolates, partial 16S rDNA sequences of 400-800 bp were obtained (data 
not shown). The phylogenetic relationships of strains NY678T, NY682, and FD1 derived 
from 16S rDNA sequence analysis are depicted in Fig. 2. The 16S rDNA data showed that 
these strains are all members of the ô-subclass of the Proteobacteria.
In the Ribosomal Database Project (RDP) database, ‘Desulfovibrio fairfieldensis’ was 
the closest relative of strain NY682 (99.7 % sequence similiarity), whereas Desulfovibrio 
desulfuricans subsp. desulfuricans ATCC 27774 was the closest relative o f the intestinal 
strain FD1, isolated from a human colon (99.8 % sequence similarity). The oral isolate 
NY682 and the colonic isolate FD1 had a sequence similarity of 96.5 %.
100
100
91
94
96
"Desulfomicrobium hypogeium" (AF132738) 
Desulfomicrobium norvegicum (M37312)
Desulfomicrobium baculafum (AF030438)
[To
Desulfomicrobium apsheronum (U64865) 
Desulfomicrobium escambiense (U02469) 
oral Desulfomicrobium strain NY678
100
{
Desulfovibrio desulfuricans subsp. desulfuricans (AF192153) 
intestinal strain FD1
100
{ "
oral Desulfovibrio strain NY682
Desulfovibrio fairfieldensis" (U42221)
■ Desulfomonas pigra (M34404)
-  Desulfovibrio vulgaris subsp. vulgaris (M34399)
-------- Lawsonia infracellularis (U30147)
Desulfovibrio salexigens (M34401)
—  Desulfovibrio desulfuricans sfr. El Agheila Z (M37316)
■ Desulfomonile fiedjei (M26635) 
---------Escherichia coli (J01695)
0.05
Fig. 2. Dendrogram based on 16S rDNA sequences, showing the phylogenetic positions of 
the oral SRB strains NY678T (=DSM 12838T) and NY682 (=DSM 12803), and the intestinal 
SRB strain FD1 in relation to other members o f the ô-subclass o f the Proteobacteria. Strains 
from this study are shown in bold. Bootstrap values greater than 90% are shown. Bar, 5 
nucleotide differences per 100 nucleotide positions.
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The 16S rDNA sequences of the five other strains, as well as those of the isolates that 
were only partially sequenced, were almost identical to each other (sequence similarities were 
between 99.5 % and 100 %). The representative strain, NY678T, was most closely related to 
clone A spol, having a sequence similarity of 95.2 % (Pedersen et al. 1996). Strain NY678T 
showed low sequence similarity to SRB isolated from other human sources, e.g. feces. Even 
though strain NY678T grouped with members of the genus Desulfomicrobium, the sequence 
similarity to 16S rDNA of other Desulfomicrobium species was below 96%, indicating that 
these oral strains may form a lineage distinct from related Desulfomicrobium  species. 
Bootstrap analysis supported the formation of a distinct species o f these oral isolates within 
the genus Desulfomicrobium (Fig. 2).
A number of sequence variants were observed among the oral Desulfomicrobium strains. 
Most of these variants might be attributed to nucleotide misincorporations during the PCR, as 
the sequence variations were usually found in only one of the isolated strains. However, at 
two positions, the oral Desulfomicrobium strains displayed a certain degree o f nucleotide 
flexibility. In all of the members of the Desulfomicrobium baculatum subgroup present in the 
RDP, a guanine is found at E.coli position 455, whereas in the oral Desulfomicrobium 
isolates, three strains showed a guanine and two showed adenine at this position. The same 
applied for E. coli position 1291, where two of the oral strains had an adenine and three had a 
cytosine, the residue found in the other members of the Desulfomicrobium baculatum 
subgroup.
Desulfomicrobium  strains from oral and natural habitats
The SRB that were isolated from the oral cavities o f nine different patients from separate 
dental clinics were very similar, and might be assignable to a single species. One strain, 
NY678t , was chosen as a representative of this group. The closest relatives of the nine rod­
shaped oral strains are members of the genus Desulfomicrobium, which are found in various 
ecological habitats. Desulfomicrobium norvegicum, originally Desulfovibrio desulfuricans 
Norway 4, was isolated from harbor water in Oslo, Norway (Sharak Genthner et al. 1997). 
Strains of Desulfomicrobium baculatum, formerly named Desulfovibrio baculatus, have been 
isolated from manganese ore in the Russian Federation (Rozanova & Nazina 1976), from a 
forest pond (Biebl & Pfennig 1977), and from estuarine sediments (Laanbroek & Pfennig 
1981) in Germany and in the Netherlands. Desulfomicrobium apsheronum was obtained from 
the water of an oil-bearing deposit in the Russian Federation (Rozanova et al. 1988) and 
Desulfomicrobium escambiense was obtained from aquatic sediment in Florida, USA (Sharak 
Genthner et al. 1994). Recently, a new species from >200 m-deep sandstone in New Mexico, 
USA, was described ( ‘Desulfomicrobium hypogeium’; Krumholz et al. 1999). Whilst diverse 
Desulfomicrobium strains have been encountered in several parts of the world, their presence 
in humans has not been described previously. Our phenotypic and phylogenetic analyses 
indicate that these rod-shaped SRB from the oral cavity could be regarded as a distinct 
species, for which we propose the name Desulfomicrobium orale sp. nov.
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We expect sulfate to be the growth-limiting substrate for SRB in the oral cavity (van der 
Hoeven et al. 1995). Under sulfate-limiting conditions Desulfomicrobium baculatum was 
more competitive than Desulfobulbus and Desulfobacter species (Laanbroek et al. 1984). The 
low growth rate of the oral Desulfomicrobium strains observed in batch cultures might be due 
to direct inhibition by sulfide, iron limitation by precipitation with sulfide, and/or syntrophic, 
interdependent growth with other bacteria.
Clinical associations of Desulfovibrio strain NY682
The morphological, physiological and phylogenetic properties o f periodontal strain NY682 
corresponded to those of the genus Desulfovibrio. The presence of bacteria of this genus in 
the mouth has been reported previously (van der Hoeven et al. 1995, Willis et al. 1995). 
However, the cellular lipid profile differed from that o f Desulfovibrio desulfuricans strains 
from intestinal and other environments, and the 16S rDNA showed a high degree of 
similarity to that o f the proposed ‘Desulfovibriofairfieldensis’. Therefore, strain NY682 is 
identified as a member of the proposed species ‘Desulfovibriofairfieldensis’. This species 
has been described only partially since its recent identification, but it is of particular interest 
because all strains of ‘Desulfovibriofairfieldensis’ have been obtained from sites of human 
infection. Strains of ‘Desulfovibriofairfieldensis’ originate from a pyogenic liver abscess 
(Tee et al. 1996), and have also been detected in blood (McDougall et al. 1997, Loubinoux et 
al. 2000) and urine (La Scola & Raoult 1999). Furthermore, Loubinoux et al. (2000) isolated 
‘Desulfovibrio fairfieldensis’ strains from blood and from abdominal abscesses of three other 
patients with mixed infections. Four different Desulfovibrio desulfuricans strains were 
isolated from a brain abscess, an appendicular abscess, an abdominal wall abscess, and from 
blood of another three patients. Therefore it was suggested that ‘Desulfovibrio fairfieldensis’ 
might be a potential human pathogen. However, the proposed species ‘Desulfovibrio 
fairfieldensis’ has not yet been fully characterized, and most of its physiological properties 
appear to be similar to those of Desulfovibrio desulfuricans.
Since many of the oral SRB grown in enrichment cultures failed to grow in pure culture, 
the diversity among SRB occurring in the mouth may be considerably larger than which we 
observed by cultivation. Preliminary results indicated that SRB isolated from healthy oral 
sites were morphologically and physiologically similar to the periodontal strains (our 
unpublished results). Because 10% of periodontally healthy subjects harbor SRB in the 
mouth (Langendijk et al. 1999), it would be interesting to compare the SRB from healthy 
sites with strains from progressive periodontal pockets. As the presence of SRB appears to be 
related to the state of periodontal disease, there is a clinical interest in identifying which of 
the species might be involved in destruction o f periodontal tissue. Further study of the 
diversity of oral SRB may refine our understanding of the role of these bacteria in oral health 
and disease.
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Description of Desulfomicrobium orale sp. nov.
Desulfomicrobium orale (o.ra'le L. gen. n. orale of the mouth).
Gram-negative rod-shaped bacteria that are 0.6-0.8 p,m wide and 1.8-3.0 p,m long. Motile by 
a single polar flagellum. Non-spore-forming, sulfate-reducing, obligate anaerobe. Uses 
lactate, pyruvate, hydrogen, ethanol, and formate as electron donors for sulfate reduction, but 
not acetate or propionate. Oxidizes lactate or pyruvate incompletely to acetate. Pyruvate is 
poorly fermented.
Contains cytochrome c3, but desulfoviridin is not detected. The temperature range for growth 
is 25-39 °C (optimum 37 °C). The G+C content of the genomic DNA is 59.7 ± 0.5 mol%. 
Habitat: human oral cavity.
The type strain, NY678T (=DSM 12838T), was isolated from subgingival plaque of a patient 
with periodontitis.
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Abstract
Oral sulfate-reducing bacteria are involved in several clinical categories of periodontitis. The 
aim o f this cross-sectional study was to compare the presence of sulfate-reducing bacteria 
(SRB) w ith other putative pathogens including spirochetes, A ctin o b a c illu s  
actinomycetemcomitans, Bacteroides forsythus, Porphyromonas gingivalis, and Treponema 
denticola in periodontal lesions.
Periodontal SRB were detected by enrichment culture and compared with a microscopic 
spirochete count (n=168). Species-specific oligonucleotide probes directed against the 16S 
rRNA were employed to determine the presence o f A. actinomycetemcomitans, P. gingivalis, 
B. forsythus, and T. denticola (n=55).
A significant positive correlation was observed between the presence o f SRB and the 
proportions of spirochetes in subgingival plaque, although the two bacterial groups also 
occurred separately. SRB tended to be negatively correlated with the presence o f A. 
actinomycetemcomitans. In contrast, all pockets with SRB harbored either T. denticola, or 
both T. denticola and B. forsythus (12/14) before therapy. Interestingly, the combination of 
SRB with P. gingivalis occurred in 32% of the periodontal pockets before treatment. After 
initial periodontal therapy, the prevalence of this combination was reduced to 2% of the sites, 
and to 25% of the sites in recall patients.
The presence of SRB was positively correlated with T. denticola, B. forsythus, and P. 
gingivalis in periodontal lesions. These suspected pathogens form a complex strongly 
associated with destructive periodontitis.
Introduction
A wide variety of anaerobic bacteria inhabits the human oral cavity, several of which may be 
etiologically involved in destructive periodontal diseases. Once a periodontal lesion is formed 
in the tooth-supporting tissue, it acquires a complex microbiota in which more than 500 
different species have been detected (Moore & Moore 1994). For several species, a 
pathogenic role in progressive periodontal destruction is suggested, and so far, most evidence 
has been obtained for Actinobacillus actinomycetemcomitans and Porphyromonas gingivalis 
(Haffajee & Socransky 1994, Slots & Ting 1999, Socransky et al. 1999). Although the 
presence of these species can give useful indications for therapy of many patients, they are 
absent in a considerable number of cases of overt disease and do not appear to be the only 
causative agents involved. More insight in the host-microbiota interactions o f the complex 
subgingival ecology might provide novel combinations o f diagnostic tests, with improved 
predictive value for periodontal treatments (Listgarten 1992).
For numerous inhabitants of periodontal pockets an etiological role in periodontitis has 
not been studied as extensively as for the above-mentioned species, generally because 
technical difficulties hamper detection and identification by culture (Loesche et al. 1992,
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Moore & Moore 1994, Harper-Owen et al. 1999). For decades, the prevalence o f Bacteroides 
forsythus was underestimated because of its fastidious nature and slow growth, and its 
involvement and relevance in periodontal diseases was not manifested until alternative 
methods of detection were developed (Gmür et al. 1989, Moncla et al. 1990, Gersdorf et al. 
1993, Haffajee et al. 1998). Spirochetes are prevalent and frequently prominent in 
subgingival plaque, but they are entirely overlooked by standard culture techniques 
(Listgarten et al. 1981, Armitage et al. 1982, Loesche et al. 1985). Improved methods 
permitted cultivation o f Treponema denticula, and allowed elucidation of several virulent 
properties of this spirochete that was shown to be involved in periodontal diseases (Simonson 
et al. 1992b, Haffajee & Socransky 1994, Haffajee et al. 1998). Molecular approaches 
demonstrated an extensive diversity among periodontal spirochetes, which remain 
predominantly uncultivable (Choi et al. 1994, Riviere et al. 1997, Moter et al. 1998).
Recently, another group of strict anaerobes, which will not grow by standard methods of 
culturing, was detected in periodontal pockets, i.e. sulfate-reducing bacteria (van der Hoeven 
et al. 1995). Different isolates of Gram-negative, strictly anaerobic sulfate-reducing bacteria 
(SRB) have been obtained from the oral cavity, generally belonging to the genus 
Desulfovibrio (van der Hoeven et al. 1995, Willis et al. 1995). Few reports have dealt with 
the SRB involved in periodontitis. These oral bacteria were detected in healthy subjects on 
oral mucosa, and in slightly higher frequency on the tongue and in plaque (Willis et al. 1995, 
Langendijk et al. 1999). In periodontal pockets the frequency of detection was strongly 
increased, SRB were associated with early-onset periodontitis, rapidly progressive 
periodontitis, adult periodontitis, and refractory periodontitis (Langendijk et al. 2000). The 
SRB prevailed among patients with adult periodontitis, occurring in 72% of patients in this 
clinical category. Furthermore, SRB presence correlated with elevated pocket depth 
(Langendijk et al. 2000). Mechanical therapy by scaling and root planing was effective for 
elimination of SRB in 95% of the lesions that harbored the bacteria at intake (Langendijk et 
al. submitted for publication). Persistence o f SRB correlated with increased initial pocket 
depth and bleeding of sites after treatment.
Several genera of SRB inhabit the human gastro-intestinal tract, including Desulfovibrio, 
Desulfobacter, Desulfomonas, Desulfobulbus, and Desulfotomaculum (Gibson et al. 1991). 
Gibson et al. (1991) isolated Desulfovibrio spp. as the predominant SRB in the colon, 
especially among patients with ulcerative colitis, in which 92% of the SRB were identified as 
Desulfovibrio desulfuricans. An intracellular bacterium related to D. desulfuricans causes 
proliferative bowel disease in several animals (Fox et al. 1994, Cooper et al. 1997). Human 
infections by SRB are rare (Johnson & Finegold, 1987), but recently a partially described 
species strongly resembling D. desulfuricans, "Desulfovibrio fairfieldensis", has been 
obtained from human infections only. D. fairfieldensis originates from a pyogenic liver 
abscess (Tee et al. 1996), and has also been detected in blood (McDougall et al. 1997, 
Loubinoux et al. 2000), urine (La Scola & Raoult 1999), and abdominal abscesses 
(Loubinoux et al. 2000). Furthermore, phylogentically distinct D. desulfuricans strains were
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isolated from a brain abscess, an appendicular abscess, an abdominal wall abscess, and from 
blood (Loubinoux et al. 2000). Recently another strain o f a Desulfovibrio sp. has been 
isolated from a polymicrobial brain abscess (Lozniewski et al. 1999). Since the patient 
showed poor oral hygiene, gingivitis and carious teeth, it was suggested that the strain might 
have originated from the mouth. Recently, periodontal SRB were isolated and identified as a 
new species (9/10), Desulfomicrobium orale. One other periodontal strain belonged to the 
proposed species Desulfovibrio fairfieldensis (Langendijk et al. 2001).
Hitherto, the presence o f periodontal SRB has not been related w ith other 
microorganisms from the mouth. In the present study, we have compared the presence of 
periodontal sulfate-reducing bacteria with those of spirochetes, A. actinomycetemcomitans, B. 
forsythus, P. gingivalis, and T. denticola in samples from periodontal lesions.
Material and Methods
Determination of spirochetes and sulfate-reducing bacteria
From each of 55 periodontitis patients, 2 to 4 samples were taken from the deepest pockets, 
and on average three sites per patient were sampled. The patients attended a private clinic to 
be treated for periodontitis, and took part in a survey for SRB presence (Langendijk et al.
2000). Most patients (n=52) were sampled at intake, before initial periodontal therapy. The 
three other subjects were recall patients in maintenance care. From the latter group, nine 
pocket samples were analyzed. Clinical properties of the selected subjects and sites are 
represented in tables 1 and 2 , respectively.
Table 1. Clinical features o f subjects, tested for the presence o f SRB and spirochetes.
Patients with SRB Patients without 
SRB
Total
No. patients (pockets) 34 (105) 21 (63) 55 (168)
Early-onset/rapidly
progressive periodontitis
(pockets) 5 (19) 6 (22) 11 (41)
Adult periodontitis (pockets) 27 (80) 14 (37) 41 (117)
Refractory periodontitis
(pockets) 2 (6) 1 (4) 3 (10)
Mean age (range) 42.1 (23-57) 41.2 (21-60) 41.8(21-60)
Ratio males 0.35 0.38 0.36
Ratio smokers 0.45 0.44 0.44
Resorption of alveolar bone 10-110 % 10-110 % 10-110 %
% sites bleeding on probing
(±SEM) 68.8 % ±3.71 67.4% ±5.50 68.3 % ±3.08
Reduction of % sites BOP
after initial therapy 44.5 ±4.60 43.3 ±5.68 44.0 ±3.54
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Table 2. Clinical features o f sites, tested for the presence o f SRB and spirochetes.
Pockets with SRB Pockets without SRB Total
No. sites 66 102 168
PPD mean (mm)a 8.03 (0.19) 7.86 (0.16) 7.93 (0.12)
CAL mean (mm)a 8.42 (0 .21) 8.39 (0.20) 8.40 (0.15)
BOP ratioa 0.94 (0.03) 0.90 (0.03) 0.92 (0.02)
Furcation ratio of sites 0.33 (0.07) 0.19 (0.04) 0.24 (0.04)
Angular defect ratio 
Reduction in PPD after
0.51 (0.08) 0.46 (0.08) 0.48 (0.04)
SRp (mm)
Gain of attachment after
3.33 (0.31) 3.04 (0.23) 3.16 (0.19)
SRp (mm)
Reduction in BOP ratio
3.63 (0.33) 3.17 (0.27) 3.36 (0.21)
after SRp 0.50 (0.08) 0.42 (0.07) 0.45 (0.05)
a Represented are the mean probing pocket depth (PPD), clinical attachment level (CAL), ratio of 
bleeding on probing (BOP), and the changes in these values after periodontal treatment by scaling 
and root planing (SRp). The standard error of the mean is given in parentheses.
Samples were taken by insertion of a sterile, medium-sized paper point. After 20 s the 
paper point was removed from the pocket and submerged into 2 ml of reduced enrichment 
medium (van der Hoeven et al. 1995) containing glass beads of 0.6-0.8 mm diameter. Within 
12 hrs the samples were processed for microscopic counts of spirochetes, and incubated in an 
anoxic chamber for culturing of SRB.
Counts of spirochetes were performed as follows: after homogenization of the sample, 10 
p,l o f the suspension was diluted, 1:1 in sterile saline and applied on a microscopic slide. 
Subsequently, the bacteria were heat-fixed and stained with crystal violet. For evaluation by 
light microscopy at 1200x magnification, all spirochetes and all other bacteria were counted 
in several microscopic fields until a total number of at least 250.
For enrichment o f SRB, samples contained lactate, propionate, acetate, pyruvate, and 
citrate as electron donors, inorganic sulfate as electron acceptor and iron(II) sulfate served as 
indicator for sulfidogenic activity (van der Hoeven et al. 1995). In the anoxic chamber 
(MB200, Braun, Germany) the headspace was replaced by ambient gas of 91% N2, 5% CO2, 
4% H2, and the samples were incubated at this atmosphere at 35°C for two months 
(Langendijk et al. 1999). Strong blackening due to precipitation o f ferrous sulfide indicated 
the presence o f SRB, and patients were scored SRB positive if  SRB were present in at least 
one of the sampled pockets.
Detection of SRB and suspected periodontal species
The presence o f SRB was compared with A. actinomycetemcomitans, P. gingivalis, B . 
forsythus, and T. denticola among 27 patients with SRB present in at least 1 pocket and 28 
patients without periodontal SRB. From patients who harbored SRB at intake (Table 1), 
samples were taken again after initial periodontal therapy. The treatment consisted of
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professional oral hygiene instruction, and scaling and root planing of all periodontal pockets 
with a depth >4 mm with ultrasonic and hand instruments (Langendijk et al. in press). Six 
months after treatment the presence of SRB and the above-mentioned species was determined 
in one pocket per patient. Similarly, 25 initial patients were sampled before treatment, and 
four recall patients under maintenance care were also sampled (Table 3).
From each patient the deepest, strongly inflamed pocket was selected for sampling 
(n=55) and two sterile, medium-sized paper points were inserted. After 20 s, one of the paper 
points was transferred into 2 ml reduced medium for enrichment culture of SRB, as described 
above. The other paper point was used for a commercially available test (Explore Research 
Laboratories, Nijmegen, The Netherlands), and transported in 120p,l o f guanidinium 
thiocyanate buffer (Chomczynski & Sacchi 1987) to the laboratory.
Species-specific oligonucleotide probes directed against the 16S rRNA were employed to 
determine the presence of A. actinomycetemcomitans, P. gingivalis, B. forsythus (Dix et al.
1990), and T. denticola (IAI laboratory, Zuchwil, Switzerland). The samples were heated to 
70°C for 10 minutes, thoroughly vortexed and aliquots were applied onto 5 nylon membranes 
mounted in dot-blot vacuum manifolds. The membranes were processed by standard 
procedures (Khandjian 1986), hybridized with radioactively 32P-labelled probes and washed 
as described by Dix et al. (1990). The blots were quantified by direct counting in a Trace-96 
system (Inotech). By dot blot hybridization in comparison with a universal bacterial probe 
(Dix et al. 1990), the presence of the species was determined as proportion of the total 
bacterial load. A pocket scored positive for presence of B. forsythus or T. denticola i f  the 
corresponding species accounted for more than 1% of the subgingival microbiota. For A. 
actinomycetemcomitans and P.gingivalis presence was recorded without a minimum cut-off 
level.
Table 3. Clinical features and presence o f SRB in the subjects, tested for suspected 
periodontal species.
Before treatment After initial
therapya
Recalla
No. patients 25 26 4
Mean age (range) 37.8 (20-56) 42.7 (27-58) 45.0 (39-50)
Ratio males 0.32 0.35 0.50
Ratio smokers 0.51 0.41 nt
No. patients with SRB
(% of subjects) 20 (80.0%) 4 (15.4%) 3 (75.0%)
No. SRB+/LJP 0/1 nt nt
No. SRB+/EOP, RPP 8/10 0/3 nt
No. SRB+/AP 11/13 3/20 3/3
No. SRB+/refractory 1/1 1/3 0/1
a nt, not tested. Abbreviations: LJP, localized juvenile periodontitis; EOP, early-onset periodontitis; 
RPP, rapidly progressive periodontitis; AP, adult periodontitis.
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Statistical analyses
Pockets with low levels of spirochetes (<5%) scored 0, proportions o f 5-10% and >10% 
spirochetes scored 1 and 2, respectively. Presence or absence of SRB was recorded as 1 and 
0, respectively. Accordingly, the relation between presence of SRB and spirochetes in 
pockets was determined by Spearman's rank correlation (n=168).
The Spearm an rank  co rre la tio n  w as calcu la ted  for p resence  o f  A. 
actinomycetemcomitans, P. gingivalis, B. forsythus, T. denticola, and the total bacterial load 
in comparison with presence of SRB (n=55). The tests were performed two-sided by use of 
statistical software from SPSS©, and values with p<0.05 were accepted as statistically 
significant.
Results
Occurrence of spirochetes and sulfate-reducing bacteria
Microscopic examination o f pockets among initial patients showed that high proportions of 
spirochetes, above 10% of the subgingival microbiota, were present in 14.5% of the pockets. 
Medium levels of spirochetes occurred in 16.4% of the sites, and more than two thirds 
(69.2%) of the pockets harbored spirochetes in proportions below 5% of the periodontal 
microbiota.
spirochetes
Fig. 1. Presence o f SRB in relation with spirochetes in pockets (n=159) o f in itial 
periodontitis patients (M  ), and among recall patients ) under maintenance care (n=9). 
Errorbars represent the standard error o f the mean.
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The SRB occurred in 38.4% of the sites among initial patients, and prevailed in pockets 
with high proportions of spirochetes (Fig. 1).
Among recall patients in maintenance care, the levels of spirochetes were lower; two 
thirds o f the 9 samples harbored low proportions o f spirochetes and in one third o f the sites 
spirochetes formed 5 to 10% of the subgingival microbiota. For SRB, the occurrence among 
recall patients was less reduced, as 55.6% of the sites harbored SRB.
Levels o f spirochetes and presence o f SRB in a pocket were positively correlated 
(Spearman rank correlation) with rho=0.390 (p<0.001). However, SRB were present in 26% 
of the pockets that harbored low levels of spirochetes and conversely, 26% of the sites with 
high proportions of spirochetes lacked SRB.
Periodontal species in different phases of treatment
Among 25 initial patients, A. actinomycetemcomitans and P. gingivalis were detected in 20% 
and 48% of the pocket samples, respectively (Fig 2). All of the 25 sites harbored at least one 
of the following species: P. gingivalis, B. forsythus, or T. denticola (Table 4). Additionally, 
SRB were present in 56% of these pockets before treatment.
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Fig. 2. Frequency o f occurrence o f A. actinomycetemcomitans (Aa), B. forsythus (Bf), P. 
gingivalis (Pg), T. denticola (Td) and sulfate-reducing bacteria among untreated patients 
( □  ) and among patients who have received initial periodontal treatment ( □  ). Errorbars 
represent the standard error o f the mean.
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Table 4. Number o f patients (percentage) harboring a combination o f periodontal bacteria 
with SRB at different phases o f treatment.
Presence of A.a., Before treatment After initial therapy Recall
red complexa,
SRB SRB- SRB+ SRB- SRB+ SRB- SRB+
A .a.- 7 (28%) 13 (52%) 21 (81%) 2 (8%) 1 (25%) 3 (75%)
A.a.+ 4 (16%) 1 (4%) 2 (8%) 1 (4%) 0 0
RC-, P.g.- 0 0 14 (54%) 1 (4%) 0 0
RC+, P.g.- 7 (28%) 6 (24%) 3 (12%) 0 1 (25%) 2 (50%)
RC+, P.g.+ 4 (16%) 8 (32%) 6 (23%) 2 (8%) 0 1 (25%)
Total 11 (44%) 14 (56%) 23 (88%) 3 (12%) 1 (25%) 3 (75%)
a Presence (+) or absence (-)  of A. actinomycetemcomitans (A.a.), bacteria from the red complex 
(RC) including P. gingivalis (P.g.), and SRB are indicated consecutively. RC+, T. denticola and/or B. 
forsythus formed at least 1% of the subgingival micobiota; RC-, both T. denticola and B. forsythus 
formed less than 1% of the subgingival micobiota and P. gingivalis was absent.
Among the patients who had received initial therapy o f scaling and root planing, 
detection frequencies o f most suspected pathogens were much lower. From 26 samples of 
treated patients, A. actinomycetemcomitans and P. gingivalis were detected in 12% and 31% 
of the pockets, respectively (Fig. 2). For 58% of the sites, the presence of P. gingivalis, B. 
forsythus, and T. denticola was either reduced to below detection level or accounted for less 
than 1% of the remaining microbiota (Table 4). Only three treated pockets harbored SRB; 
two sites contained P. gingivalis with SRB, but one site with SRB lacked the four other 
species.
The recall patients harbored at least one of the species P. gingivalis, B. forsythus, or T. 
denticola in the pockets. A. actinomycetemcomitans was not detected, but three of the four 
samples contained SRB.
Altogether, in pockets with A. actinomycetemcomitans the SRB tended to be detected 
less frequently than in sites where this species was absent (Table 4), but the negative 
correlation between these bacteria was not significant. Positive relationships were found 
between SRB and anaerobic species. All pockets with SRB harbored either T. denticola alone 
(2/14), or both T. denticola and B. forsythus (12/14), before therapy. The combination of SRB 
with P. gingivalis occurred in 32% of the sites before treatment. After initial periodontal 
therapy the prevalence of this combination was reduced to 2%, and to 25% of the sites in 
recall patients (Table 4). A significant positive correlation occurred between the presence of 
SRB and T. denticola, B. forsythus, P. gingivalis and the total bacterial load (rho= 0.522 
(p<0.001), rho=0.385 (p<0.005), rho=0.306 (p<0.05), and rho=0.431 (p<0.005), 
respectively).
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Discussion
In this study, specific methods for microbial detection were employed to compare inhabitants 
of periodontal pockets, which are easily overlooked by standard culture techniques. Firstly, 
periodontal sulfate-reducing bacteria were identified by specific enrichment conditions and 
compared with a microscopic test for spirochete proportions. Reported counts by microscopic 
analysis identified spirochetes in 50-93% of periodontal samples (Loesche et al. 1985, Moore 
& Moore 1994). Our results were in accordance with such reported general occurrence, as 
spirochetes formed a substantial part (>5%) of the subgingival microbiota in 31% of the 
untreated pockets. For SRB, the detection frequency among these sites was slightly higher. 
The positive correlation between the presence of SRB and spirochetes indicates that these 
groups o f microorganisms generally grow together within pockets. Both groups o f bacteria 
seem to belong to the more mature state of the periodontal ecosystem. This corresponds with 
the fact that spirochetes and SRB are removed relatively easily from the pocket by 
disturbances o f the stability, such as mechanical therapy (Langendijk et al. submitted for 
publication). However, since spirochetes and SRB occurred regularly in the absence of each 
other, there is no reason to suppose a strict interdependency of these periodontal bacteria.
Further comparison of subgingival species with SRB occurrence showed that SRB were 
rare in the presence o f A. actinomycetemcomitans. Reported data suggest that the 
facultatively anaerobic A. actinomycetemcomitans prevails in different periodontitis lesions 
than strictly anaerobic species such as P. gingivalis and B. forsythus (Socransky et al. 1999). 
A. actinomycetemcomitans serotype a occurs in association with colonizing species o f the 
"green com plex", such as Campylobacter concisus, Eikenella corrodens and 
Capnocytophaga spp. (Socransky et al. 1998). No association was observed between A. 
actinomycetemcomitans serotype b and other species (Socransky et al. 1998).
The species P. gingivalis, B. forsythus and T. denticola occur tightly related, as the "red 
complex" (Gmür et al. 1989, Socransky et al. 1998). Presence of the red complex in a pocket 
is strongly related to clinical severity, such as increased pocket depth and bleeding upon 
probing. Interactions between these suspected pathogens, and probably other subgingival 
bacteria, might be o f major importance for the initiation and progression o f destructive 
periodontal diseases (ter Steeg & van der Hoeven 1990, Simonson et al. 1992a, Grenier 1992,
1996). We may speculate on the nature o f these relationships. Two members o f the red 
complex, P. gingivalis and B. forsythus exhibit strong proteinase activities. Proteinase- 
producing species can degrade natural proteins into polypeptides, thereby supporting the 
growth of many other subgingival species that depend on amino acid fermentation for their 
energy supply, but cannot degrade natural proteins (Jansen et al. 1996, Jansen & van der 
Hoeven 1997). The positive correlation between the species of the red complex and sulfate- 
reducing bacteria may suggest that they share a common ecological role. Alternatively, that 
they may exhibit complementary physiological relations. Thus, growth of the red complex 
leads to a lowering of the redox potential, supporting growth of SRB.
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Gmür et al. (1989) indicated that B. forsythus colonized shallower sites and preceded 
establishment of P. gingivalis. Our results confirm this observation, as P. gingivalis was only 
present in combination with either T. denticola (1/21), or B. forsythus (2/21), or mostly 
(18/21) with both other members of the red complex (Table 4). Both B. forsythus (2/55) and 
T. denticola (2/55) were detected in the absence of other species of the red complex. A 
pattern comparable with P. gingivalis was observed for sulfate-reducing bacteria, as pockets 
with SRB harbored either T. denticola, or both T. denticola and B. forsythus before treatment 
(this work). Thus, colonization by members of the red complex may seem to precede growth 
of SRB. Although P. gingivalis was not essential for presence of SRB, the frequency of SRB 
occurrence was increased among pockets where this species was present. Therefore, the 
results might suppose succession in colonization preceded by T. denticola or B. forsythus, and 
followed by P.gingivalis and/or SRB.
The late participation in subgingival plaque of SRB is comparable with the role of these 
organisms in other complex anaerobic systems, such as wastewater plants, anoxic marine or 
estuarine sediments, the human gut, and in biofilms (Widdel 1988, Willis et al. 1997, 
Santegoeds et al. 1998). In such environments, where microbial activity depleted the level of 
oxygen, products accumulate from fermentative degradation o f proteins, carbohydrates and 
other components o f dead biomass. The SRB are involved in the terminal step of organic 
degradation, by their anaerobic respiration of fermentation products, for which sulfate can 
serve as electron acceptor. Accordingly, presence of SRB in a periodontal pocket indicates an 
established anaerobic microbial community in which species of the red complex, associated 
with destructive disease, have settled.
Interestingly, not all sites with T. denticola, B. forsythus, and P.gingivalis harbored SRB 
(10/18). Apparently, site-specific conditions are required for these terminal degraders. Our 
hypothesis is that presence of periodontal SRB is related to active tissue degradation, and in 
this way can indicate lesions that may demand further therapy. The availability of sulfate may 
depend upon degradation o f glycosaminoglycans, from proteoglycans in the extracellular 
matrix of connective tissues (van der Hoeven et al. 1995). Accordingly, the presence of SRB 
might imply a consortium with hazardous properties for degradation of miscellaneous tissue 
components. In addition, the dissimilatory reduction of sulfate will accumulate hydrogen 
sulfide, a potent virulence factor o f these bacteria. Therefore, presence of SRB may indicate 
pockets in a state of risk for progressive destructive disease (Langendijk et al. 2000).
Remarkably, one single pocket harbored SRB in absence of the other species tested. The 
concerning patient had received mechanical periodontal treatment. Further investigation of 
the role of SRB persistence and recurrence after therapy would be required to show if  SRB 
could be of diagnostic value. Therefore, identification of the SRB involved would be 
requisite.
In conclusion, the presence o f periodontal sulfate-reducing bacteria is positively 
correlated with the proportion o f spirochetes, with T. denticola, B. forsythus, and P. 
gingivalis in a pocket. The correlation with A. actinomycetemcomitans tended to be negative. 
The possible etiologic role of SRB in periodontitis demands further study, as the presence
97
Chapter 6. Sulfate-reducing bacteria with periopathogens
and quantities of distinct species of sulfate reducers may be differently related to the state of 
disease.
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For the major part of the human population, periodontal bacteria gradually degrade the 
tooth supporting tissues. As discussed in chapter 1, both host-related factors and microbial 
pathogens play a role in the destruction of periodontal tissue. For an effective control over the 
disease, it is necessary to identify which factors are involved in its progression. As some 
periodontal pockets remain in equilibrium for years, while other pockets show serious 
destruction in a short period, site and/or patient specific indictors could help in the decision­
making for therapy.
Sulfate-reducing bacteria (SRB) are commensal bacteria that can be found in the 
digestive tract of healthy humans and animals, without causing disease. Their presence in the 
mouth has also been established now. In chapter 2, the prevalence of SRB was compared in 
oral health and disease. Both in healthy subjects and in periodontitis patients, SRB occurred 
in a relatively low frequency on healthy oral mucosal surfaces (Langendijk et al., 1999). The 
SRB prevail in sites where the access o f oxygen is limited, and where a complex microbiota 
can settle and develop. Such sites are the dorsum of the tongue and the tooth surface, above 
and below the gingiva, where biofilms or plaques develop suitable to accommodate SRB.
In deep periodontal pockets the SRB appear to be common inhabitants (chapter 3), 
indicating that the conditions for their growth, including a neutral to slightly elevated pH, a 
reduced environment, and numerous fermenting bacteria are met. Thus the high detection 
frequency of SRB, up to 72%, among patients with periodontitis is not unexpected. One 
might wonder why it took so long before the presence of SRB in the mouth was reported? 
The reason is that as strict anaerobes, the SRB are not only vulnerable to oxygen, but require 
a redox potential below around -100 mV for their growth (Postgate, 1984). Therefore, these 
bacteria are completely overlooked by standard culture techniques for the detection of 
bacteria.
This problem is overcome in enrichment cultures, wherein other, respiring bacteria will 
quickly consume the oxygen and reduce the redox potential, enabling the survival and growth 
of SRB. We employed such cultures for the detection of SRB in periodontal samples.
Although special equipment and conditions are required, SRB can readily be cultivated 
by such techniques. Several genera of SRB have been found in the human intestine, including 
Desulfovibrio, Desulfobacter, Desulfomonas, Desulfobulbus, and Desulfotomaculum (Gibson 
et al., 1991). Many other genera occur in various natural environments. For comparison of the 
morphological, physiological, and genetic properties o f oral SRB with those from other 
ecosystems, we have tried to obtain pure from positive enrichment cultures. This appeared to 
be difficult, but finally we obtained 10 isolates (chapter 5). Nine thereof originated from 9 
different patients o f 4 dental clinics. These strains showed similar features and probably 
belong to the same species. As the 16S rDNA sequences showed a high similarity (99.5-100 
%) among these strains, but a similarity below 96 % with the sequences of SRB from other 
habitats, these SRB could be regarded as a new species, for which we proposed the 
designation Desulfomicrobium orale (Langendijk et al., 2001).
One other strain was isolated from a different patient. This strain had different 
morphological, physiological, and phylogentic properties. The 16S rDNA of this strain
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showed 99.7 % similarity with the sequence of the proposed species ‘Desulfovibrio 
fairfieldensis’, and the strain was thus identified as a member o f this species. ‘Desulfovibrio 
fairfieldensis’ has been described only partially since its first reported detection in 1996, but 
is of particular interest because all isolates so far were obtained from human infections, 
including a liver abscess, bacteremia (blood infection), urinary tract infection, and abdominal 
abscesses. Therefore, we suggest that ‘Desulfovibrio fairfieldensis’ is considered to be a 
potential pathogen in periodontitis.
The typically poor growth in pure culture resulted in a time-consuming cultivation of the 
oral Desulfomicrobium strains. The yield of oral Desulfomicrobium NY678 was low, as only 
1.1 g dry weight of biomass was produced per mole o f lactate consumed. Aerobic oral 
bacteria such as Actinomyces viscosus and Actinomyces naeslundii can respire lactate with 
oxygen and gain 20 times more energy for growth by that conversion (van der Hoeven & van 
der Kieboom, 1990). The low rate of growth for oral Desulfomicrobium NY678 resulted in a 
minimal doubling time of 11 hours, with almost half of the maximal specific growth rate of 
the oral Desulfovibrio NY682, which had a doubling time of 6 hours. The characteristically 
poor growth of Desulfomicrobium orale observed in pure batch cultures may be due to direct 
inhibition by sulfide, iron limitation by precipitation with sulfide, and interdependent growth 
with other bacteria.
The diversity between periodontal SRB is broader than the two types that have been 
identified so far. From less than 1% of SRB positive enrichments of periodontal samples, 
strains of SRB could be isolated on plates. This indicates that other, so far uncultivable SRB 
might predominate in periodontal pockets. Preliminary results from direct amplification and 
sequencing o f 16S rDNA from such enrichments indicated that also members from the 
proposed family o f Desulfobacteriaceae are present (unpublished observations). Direct 
cloning and sequencing of partial 16S rDNA sequences from such SRB positive enrichments 
indicated that most of these periodontal samples contained Desulfobulbus species (J. Meyer, 
H. Sandmeier, E.M. Kulik, personal communication). For determination o f the diversity 
between oral SRB, and for identification of these SRB that have not been isolated yet, further 
research is needed. As the different periodontal SRB Desulfomicrobium orale, ‘Desulfovibrio 
fairfieldensis’, and probably other SRB may differ in virulence, the role o f each of these 
different SRB should be investigated in more detail. Further evidence for the involvement of 
different SRB in periodontitis could be acquired e.g. by the determination of serum antibody 
levels against each o f these SRB in both healthy subjects and patients with periodontal 
diseases (Haffajee & Socransky, 1994).
The presence o f SRB appears to be restricted to particular periodontal sites of 
periodontitis patients. The SRB tended to prevail in pockets showing bleeding on probing, 
angular bone defects, furcations, or an endodontal complication (Chapter 3: Table 2). 
Furthermore, a significant relationship was found between the presence of SRB and increased 
probing pocket depth (Langendijk et al., 2000). In the deeper pockets the risk o f progression 
of tissue destruction is elevated (Machtei et al., 1999). The tendency of SRB to prevail in
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pockets showing bleeding on probing, furcations, angular bone defects, or an endodontal 
complication shows that they may be involved in active, advanced, and complex 
periodontitis. Moreover, the significant correlation of their presence with the probing pocket 
depth indicates that they are associated with advanced clinical severity o f periodontitis 
(Tanner et al., 1979). Occurrence of SRB in periodontal pockets showed a significant odds 
ratio of 11.2 in comparison with healthy oral sites (Langendijk et al., 2000). Accordingly, 
accumulating evidence shows that SRB are associated with human periodontal diseases.
The basis of therapy for deep periodontal lesions is mechanical cleaning of the pocket by 
scraping instruments for the removal of subgingival tartar, plaque and inflamed tissue, and by 
smoothing of the root surface; a treatment called scaling and root planing. In cases where this 
treatment is not sufficient for control of the disease progression, the pocket can be treated by 
'flap'-surgery and/or antibiotic therapy. As clinical parameters are poor predictors for the rate 
of disease progression, additional risk-indicators, such as bacterial tests, could give useful 
indications for treatment. Our hypothesis is that SRB are involved in active periodontal tissue 
degradation. Accordingly, a test for SRB might be useful as an indication for further therapy.
Chapter 4 describes a study, which showed that treatment by scaling and root planing 
was very effective for the elimination of SRB. The periodontal lesions from which SRB were 
removed after this treatment, showed significant clinical improvement, including reduction of 
the pocket depth, gain of attachment, and reduction o f bleeding on probing. Interestingly, the 
successful elimination of SRB accompanied significant clinical amelioration, while the 
persistence of SRB after therapy was significantly correlated with bleeding of the pocket after 
treatment. Further research is required to determine how persisting SRB could be eliminated.
Little is known o f SRB in refractory or recurrent periodontitis. However, SRB presence 
among treated patients in maintenance care indicates that these bacteria might be involved in 
disease recurrence. Among patients at recall sessions, the occurrence o f SRB was 
significantly reduced, but the SRB were not completely eliminated. Among patients under 
maintenance care after long interval (Langendijk et al., 1999) and after shorter interval 
(Langendijk et al., 2000) the frequency of occurrence of SRB was 88% (n=8) and 33% (n=9) 
of the patients, respectively. Among these recall patients 35% of 51 pockets harbored SRB, 
which is almost half of the SRB occurrence in sites of untreated patients, but implies a ten­
fold increase in comparison with SRB presence after initial therapy. This elevated SRB 
prevalence among patients in maintenance care suggests SRB recurrence after mechanical 
debridement. Prospective studies might show if  adjunctive therapy, e.g. by antibiotics, could 
improve the treatment outcome for such patients.
Subgingival debridement might be more effective when combined with antibiotics 
against anaerobic Gram negative bacteria such as SRB. The antibiotics imipenem and 
metronidazole showed a good activity in vitro against clinical isolates o f Desulfovibrio 
(Lozniewski et al., 1998). Therapy with metronidazole is reported to be effective in the 
treatment of refractory periodontitis patients, and reduces the need for surgery (Loesche, 
1992, 1996). Antimicrobial therapy can suppress the number o f subgingival bacteria for a
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prolonged period of time, depending on the host defense and oral hygiene efforts (van 
Winkelhoff et al., 1996).
Historical perspective
Analogous with other suspected periodontal pathogens, decades might be needed to 
develop applicable periodontal tests for SRB. The prevalence o f Bacteroides 
forsythus was underestimated for decades, because of its fastidious nature and slow 
growth, and its involvement and relevance in periodontal diseases was not 
manifested until alternative methods o f detection were developed. Antonie van 
Leeuwenhoek has already described spirochetes in dental plaque in 1686, and since 
the end o f the 19th century they have been associated with periodontitis. The 
spirochetes are prevalent and frequently prominent in subgingival plaque, but these 
cannot be quantified by standard culture techniques. Besides the suspected 
periodontal pathogen Treponema denticola, many new Treponema species have 
been described, and several other periodontal spirochetes have not been 
characterized yet. Therefore, after a century of research the diagnostic implications 
of the differences between these spirochetal species would still have to be 
determined. Other periodontal bacteria that are well cultivable and thus easier to 
handle in the laboratory have become the focus o f numerous research efforts. 
Examples are the periopathogens Actinobacillus actinomycetemcomitans and 
Porphyromonas gingivalis (chapter 1).
The species Actinobacillus actinomycetemcomitans is generally involved in localized 
juvenile periodontitis and can give useful indication for therapy. Mechanical treatment alone 
may not be sufficient for the elimination o f A. actinomycetemcomitans and may lead to the 
outgrowth of this pathogen. For inflammations involving A. actinomycetemcomitans an 
adjuctive treatment using systemic antibiotics amoxicillin in combination with metronidazole 
has been proposed (van Winkelhoff et al., 1996; Slots & Ting, 1999).
Porphyromonas gingivalis is involved in various forms of periodontitis, including adult 
periodontitis. Mechanical therapy can be effective for elimination of P. gingivalis, especially 
in combination with antibiotics, such as metronidazole (van Winkelhoff et al., 1996; Slots & 
Ting, 1999).
The two species A. actinomycetemcomitans and P. gingivalis seem to prevail in different 
patients, which generally can be distinguished by the form of periodontitis, LJP or AP, and 
for which treatment could better be supported by particular antibiotic therapies. The 
correlation between the presence of SRB and A. actinomycetemcomitans in a pocket tended to 
be negative. In contrast, the presence o f SRB in a pocket was positively correlated with 
Treponema denticola, Bacteroides forsythus, or P. gingivalis, and with the proportion of 
spirochetes (chapter 6). The first three species, P. gingivalis, B. forsythus, and T. denticola
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occur tightly related as the "red complex" (Gmür et al., 1989; Socransky et al., 1998). The 
presence of the red complex in a pocket is strongly related to clinical severity of periodontitis, 
such as increased pocket depth and bleeding upon probing. Like for pockets with P. 
gingivalis, pockets with SRB harbored either T. denticola, or both T. denticola and B. 
forsythus before treatment (chapter 6). This might indicate that colonization by members of 
the red complex precedes that of SRB. Although P. gingivalis did not appear essential for the 
presence of SRB, the frequency of SRB occurrence was increased among pockets where this 
species was present. Therefore, the data presented in chapter 6 suggest that colonization of 
the host by T. denticola or B. forsythus proceeds prior to that by P.gingivalis and/or SRB. 
Accordingly, the presence o f SRB in a periodontal pocket may indicate an established 
anaerobic microbial community wherein species o f the red complex, associated with 
destructive disease, have already settled.
The positive correlation between the species of the red complex and SRB may suggest 
that they have a mutually beneficial relationship and exhibit complementary physiological 
relations. Thus, growth o f the red complex lowers the redox potential and accumulates 
fermentation products, required for growth o f SRB. The SRB in turn, by utilizing H2 
produced by the fermentative microflora, could stimulate the growth of fermentative species 
(discussed in chapter 1, Fig. 3). By these interactions the microbial activity in pockets with 
SRB might be elevated in comparison with sites where the SRB are absent. SRB may well 
derive sulfate from glycosaminoglycans in the extracellular matrix o f connective tissues of 
the host (Fig. 1). The growth of periodontal SRB would then depend upon the degradation of 
these tissue components, which contain sulfated aminosugars and act as source of sulfate (van 
der Hoeven et al., 1995). Accordingly, the abundance o f SRB in a pocket reflects the 
presence of an active consortium with hazardous properties for degradation of miscellaneous 
tissue components.
Fig. 1. Some theoretical possibilities for interactions o f sulfate-reducing bacteria (SRB) in the 
periodontal pocket with the host and with periodontal bacteria. Stimulating interactions (+) 
and harmful interactions (-) are indicated.
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Furthermore, the dissimilatory reduction of sulfate will accumulate H2S, which is a 
potent virulence factor o f SRB. This toxic product has destructive effects on the host cells, 
even in low concentrations. In periodontal pockets, increased levels of hydrogen sulfide were 
measured in correlation with augmented pocket depth (Persson et al., 1992). The H2S 
concentration in deeper pockets exceeded toxic levels (Ratcliff & Johnson, 1999). The main 
features of the presence of periodontal SRB can be summarized as:
i) SRB utilize acidic fermentation products from the fermentative microflora that also 
produces reduced conditions. Conversely SRB may stimulate fermentative species by 
H2-syntrophy.
ii) Degradation o f glycosaminoglycans from periodontal connective tissue yielding sulfate 
for SRB.
iii) Accumulation of toxic H2S by sulfate-reducing activity.
These processes may distinguish the periodontal lesions with SRB from sites without 
SRB. Therefore, the presence o f SRB seems to indicate pockets at risk for progressive 
destructive disease (chapter 3). Furthermore, the presence of SRB indicates that one or more 
species from the red complex are present as well (chapter 6).
The SRB prevail among the relatively large group of patients with adult periodontitis. 
These patients generally remain under maintenance care for long time. For efficient 
maintenance, indicators for the prognosis of the disease are needed. The presence of members 
of the red complex in a pocket indicates an elevated risk requiring intensive maintenance 
care. In our hypothesis, the presence of periodontal SRB is related to active tissue 
degradation, and indicates a demand for therapy. The study presented in chapter 4 showed 
that mechanical debridement is a very effective treatment for deep pockets with SRB, 
resulting in significant clinical improvement and elimination of SRB in 95% of the pockets.
At present, additional prospective studies to the clinical effects o f SRB persistence and 
recurrence after therapy are required to evaluate the diagnostic value of SRB. The etiologic 
role of SRB in periodontitis needs now to be studied at the species level.
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Summary
It is known that periodontal plaque on the dentition induces inflammatory responses, 
which in some of the afflicted hosts cause destruction of the periodontal tissues. Indeed, 
periodontal disease is the main cause of loss of teeth in human adults. As more than 500 
different bacterial species occur in periodontal lesions, the etiology o f periodontal diseases is 
complex. A large proportion of the periodontal microflora in periodontal diseases consists of 
fermentative anaerobic bacteria that derive their nutrients mainly from the exudates o f the 
inflamed host tissues. Sulfate-reducing bacteria (SRB) partake in a variety o f anaerobic 
microbial ecosystems as terminal degraders o f the fermentation end-products. The human 
intestinal tract harbors several genera o f SRB, including Desulfovibrio, Desulfobacter, 
Desulfomonas, Desulfobulbus, and Desulfotomaculum (Gibson et al., 1991). Few reports 
have described the occurrence of SRB in the human mouth. In 1995, van der Hoeven and co­
workers reported for the first time that SRB inhabit the oral cavity and prevail in periodontal 
pockets. Willis et al. (1995, 1999) demonstrated SRB on the tongue and other mucosal 
surfaces, in saliva, and in plaque of several periodontally healthy individuals.
The aim of this thesis was to monitor the prevalence of SRB in periodontal diseases, and 
to find out if  particular species o f SRB were associated with the diseases. Further, the 
coincidence of SRB with other putative periodontal pathogenic bacteria was monitored.
As shown in chapter 2, SRB were found on mucosal surfaces in 10% of healthy 
individuals as well as periodontitis patients. On the tongue and in supragingival plaque the 
frequency of detection was slightly higher than on the other mucosal tissues (22% of the 
individuals). The occurrence o f SRB in periodontally affected sites was substantially higher 
than on healthy sites, and 86% of the periodontitis patients harbored SRB in one or more 
pockets. In one-third of the patients SRB were present in all three pockets that were sampled. 
Collectively, these data showed that SRB belong to the normal inhabitants of the oral cavity, 
and are preferentially found in periodontal pockets.
In a survey among periodontitis patients (chapter 3), the prevalence of SRB was related 
with the degree of periodontal destruction. In 64% of the 87 patients included in this survey, 
SRB were found in at least one pocket. Overall, SRB occurred in 44% of 261 periodontal 
pockets, and their occurrence showed a significant odds ratio of 11.2 : 1 in comparison with 
that on healthy oral sites. SRB tended to prevail in adults above 30 years of age, but there was 
no significant correlation with age there beyond. Further, SRB were associated with various 
clinically different categories of periodontitis, including early onset periodontitis, rapidly 
progressive periodontitis, adult periodontitis, and refractory periodontitis. The presence of 
SRB was positively correlated with increased pocket depth (p<0.05), indicating that they are 
associated with advanced severity of periodontitis. This was also indicated by the increased 
occurrence o f SRB among patients with more than 50% bleeding sites, and in patients with 
several angular bony defects or furcations. Hence, accumulating evidence shows that SRB are 
associated with periodontal diseases.
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Subsequently, the effects of periodontal treatment on the presence of SRB were 
evaluated in a longitudinal study (chapter 4). This was done in 38 initial patients with 
periodontitis that were referred to a periodontal clinic in Nijmegen. Most of these patients 
had received no previous periodontal treatment (n=25), whereas 13 of the patients had been 
treated unsuccessfully by a dentist or dental hygienist. All these patients harbored SRB in at 
least one pocket. Samples were taken from the deepest pockets by insertion of paper points, 
and the presence of SRB was determined by enrichment culture. All these patients received 
professional oral hygiene instructions; treatment consisted of scaling and root planing (SRp) 
by ultrasonic and hand-instruments. Six months after treatment the presence of SRB in the 
sampled sites was monitored and clinical effects o f the treatment were evaluated. The 
mechanical therapy resulted in elimination of periodontal SRB in 89% of the patients. 
Accordingly, the bleeding index of the patients was significantly reduced. The presence of 
SRB in pockets was significantly reduced for patients with rapidly progressive periodontitis, 
adult periodontitis, and refractory periodontitis. Before treatment, SRB occurred in 65% of 
117 pockets. Scaling and root planing were efficient for removal o f SRB for 95% of the 
periodontal sites that initially harbored these bacteria. Clinical improvement accompanied 
elimination of SRB, the mean gain o f attachment o f these pockets was 3 mm (p<0.001). The 
reduction in probing pocket depth of the sampled sites was significant, as the reduction of the 
frequency of bleeding on probing. After initial treatment SRB were significantly eliminated 
from pockets at any type of tooth.
Persisting SRB occurred in 11% of the patients, and only 3% of all sites harbored SRB 
after initial treatment. The results suggested that SRB were more difficult to eliminate from 
previously unsuccessfully treated patients than from patients that had not been treated for 
periodontal disease before. Persistence of SRB after treatment was also correlated with 
pocket depth and bleeding. Taken together, these findings support the view that SRB are 
associated with periodontal diseases.
Various genera of SRB inhabit the human gut. Among SRB in the colon, Desulfovibrio 
species were predominantly isolated, especially among patients with ulcerative colitis where 
92% of the SRB were identified as Desulfovibrio desulfuricans. Therefore, it may be 
expected that most of these commensal SRB from the intestines could be detected in the oral 
cavity as well. However, an enteric species related to such intestinal SRB causes bowel 
disease in several animal species. Another, recently discovered and only partially described 
strongly related species, ‘Desulfovibriofairfieldensis’, has been implicated in different cases 
o f human infections. As discussed in chapter 5, SRB were isolated from pockets o f 10 
different periodontitis patients, and characterized. Physiological, biochemical and genetic 
properties of these isolates were determined in order to compare these periodontal SRB with 
species from other locations.
One of the strains had curved rod-shaped cells with a high motility. For dissimilatory 
sulfate-reduction, lactate or pyruvate was incompletely oxidized to equimolar amounts of 
acetate. Desulfoviridin and cytochrome c3 were present in this mesophilic vibroid, and the 
cellular lipids profile was in accordance with members of the genus Desulfovibrio. The 16S
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rDNA sequence showed a high similarity of 99.7% with the 16S rDNA of the proposed 
species ‘Desulfovibrio fairfieldensis’.
Cells of the nine other strains were rod-shaped, exhibited a low growth rate, and oxidized 
substrates incompletely to acetate. These SRB lacked desulfoviridin, like members o f the 
genus Desulfomicrobium. Analysis of 16S rDNA sequences of seven of the nine isolates 
showed a high similarity (99.5-100%) among these oral strains, forming a distinct lineage 
within the genus Desulfomicrobium. The cellular lipids profile o f a representative oral strain, 
NY678, was in accordance with that o f other Desulfomicrobium species, but also showed 
dissimilar features. The phenotypic and phylogenetic analyses indicate that these rod-shaped 
SRB from the oral cavity could be regarded as a new species, for which we propose the name 
Desulfomicrobium orale. Thus 90% of the isolated periodontal SRB were identified as 
members of this new species Desulfomicrobium orale, whereas ‘Desulfovibriofairfieldensis’ 
appeared infrequently in periodontal sites.
For several periodontal bacteria, a pathogenic role in progressive periodontal destruction 
is suggested, and so far m ost evidence has been obtained for A c tin o b a c illu s  
actinomycetemcomitans and Porphyromonas gingivalis. Although the presence of these two 
species can give useful indications for therapy o f many patients, they are absent in a 
considerable number o f cases of overt disease and do not appear to be the only causative 
agents involved. For numerous inhabitants o f periodontal pockets an etiological role in 
periodontitis has not been studied as extensively as for the above-mentioned species, 
generally because technical difficulties hamper detection and identification by culture. In a 
cross-sectional study, described in chapter 6, specific methods for microbial detection were 
employed to compare some inhabitants of periodontal pockets, which are easily overlooked 
by standard culture techniques. Periodontal SRB were detected by enrichment culture and 
compared with a microscopic spirochete count (n=168). Species-specific oligonucleotide 
probes directed against the 16S rRNA were employed to determine the presence of A. 
actinomycetemcomitans, P. gingivalis, Bacteroides forsythus, and Treponema denticola 
(n=55).
A significant positive correlation was observed between the presence o f SRB and the 
proportions of spirochetes in subgingival plaque, although the two bacterial groups also 
occurred separately. SRB tended to be negatively correlated with the presence o f A. 
actinomycetemcomitans. In contrast, all pockets with SRB harbored either T. denticola, or 
both T. denticola and B. forsythus (12/14) before therapy. Interestingly, the combination of 
SRB with P. gingivalis occurred in 32% of the periodontal pockets before treatment. After 
initial periodontal therapy, the prevalence of this combination was reduced to 2% of the sites, 
and to 25% of the sites in recall patients. The presence of SRB was positively correlated with 
T. denticola, B. forsythus, and P. gingivalis in periodontal lesions. These suspected 
pathogenic species form a complex strongly associated with destructive periodontitis.
The context of recent insights and publications on the subject are presented in chapter 1. 
For the application of SRB in diagnostics of periodontal diseases, further research would be 
required. However, the work presented in this thesis shows that members of this group of
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bacteria might be useful as risk-indicators for decision-making for therapy. Such 
considerations and some future prospects are discussed in chapter 7. New combinations of 
diagnostic tests could have improved predictive value for periodontal treatments.
Summary
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Het is bekend dat parodontale plak op het gebit ontstekingreacties induceert, die in 
sommige betreffende gastheren afbraak van de parodontale weefsels veroorzaken. 
Parodontale aandoeningen zijn dan ook de belangrijkste oorzaak van tandverlies bij 
volwassenen. Aangezien meer dan 500 verschillende bacteriesoorten in parodontale laesies 
voor kunnen komen, is de etiologie van parodontale aandoeningen complex. Een groot deel 
van de parodontale microflora in parodontale aandoeningen bestaat uit fermentatieve 
anaërobe bacteriën, die hun nutrienten voornamelijk betrekken uit afscheiding uit het 
ontstoken weefsel van de gastheer. Sulfaatreducerende bacteriën (SRB) maken deel uit van 
verschillende anaërobe ecosystem en als term inale afbrekers van de ferm entatie 
eindproducten. Er komen verscheidene genera van SRB voor in het menselijk darmkanaal, 
waaronder D esulfovibrio, D e s u lfo b a c te r , D e s u lfo m o n a s , D e su lfo b u lb u s  en 
Desulfotomaculum (Gibson et al., 1991). Maar weinig publicaties hebben het voorkomen van 
SRB in de mond bij de mens beschreven. In 1995 rapporteerden van der Hoeven en collegae 
voor het eerst dat SRB de mondholte bewonen en overwegend in parodontale pockets 
voorkomen. Willis et al. (1995, 1999) hebben SRB aangetoond op de tong en andere 
mucosale weefsels, in speeksel en in plak van verscheidene parodontaal gezonde personen.
Het doel van dit proefschrift was om de prevalentie van SRB in parodontale 
aandoeningen te beschrijven en om uit te zoeken of bepaalde soorten SRB betrokken zijn bij 
parodontitis. Verder werd de coïncidentie van SRB met andere, mogelijk pathogene 
parodontale bacteriën in kaart gebracht.
Zoals beschreven is in hoofdstuk 2, werden de SRB aangetroffen op mucosale weefsels 
in 10% van gezonde personen, evenals bij parodontitis patiënten. Op de tong en in 
supragingivale plak was de frequentie van detectie iets hoger dan op andere mucusale 
weefsels (22% van de personen). De aanwezigheid van SRB op plaatsen met parodontale 
aandoening was aanzienlijk hoger dan op gezonde plaatsen en 86% van de parodontitis 
patiënten had SRB in één of meer pockets. Bij één op de drie patiënten waren SRB aanwezig 
in elk van de drie bemonsterde pockets. Samengenomen toonden deze gegevens aan dat SRB 
tot de normale bewoners van de mondholte behoren en bij voorkeur in parodontale pockets 
worden aangetroffen.
Bij een onderzoek onder parodontitis patiënten (hoofdstuk 3) werd de prevalentie van 
SRB gerelateerd aan de mate van pardontale afbraak. In 64% van de 87 patiënten die aan dit 
onderzoek deelnamen, waren SRB aanwezig in tenminste één pocket. In het geheel genomen 
waren in 44% van de 261 parodontale pockets SRB aanwezig en vertoonde hun voorkomen 
een odds ratio van 11,2: 1 in vergelijking met het voorkomen op gezonde plaatsen in de 
mond. De SRB leken vaker voor te komen bij volwassenen boven de 30-jarige leeftijd, maar 
daarboven was er geen significante correlatie met de leeftijd. Verder bleken de SRB 
geassocieerd te zijn met diverse klinisch verschillende categorieën van parodontitis, zoals 
"vroeg ontwikkelende parodontitis" (EOP), snel progressieve parodontitis (RPP), volwassen 
of adulte parodontitis (AP) en refractaire parodontitis. De aanwezigheid van SRB
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vertoonde een positieve correlatie met toegenomen pocketdiepte (p<0.05), wat aangeeft dat 
zij betrokken zijn bij gevorderde ernst van parodontitis. Op deze betrokkenheid duidde ook 
het vaker voorkomen van SRB bij patiënten met bloeding op meer dan 50% van de plaatsen, 
of in patiënten met verscheidene angulaire botdefecten of furcaties.
Vervolgens werden de effecten van parodontale behandeling op de aanwezigheid van 
SRB geëvalueerd in een longitudinaal onderzoek (hoofstuk 4). Dit onderzoek werd gedaan bij 
38 initiële patiënten met parodontitis die naar een praktijk voor parodontologie in Nijmegen 
werden verwezen. De meeste van deze patiënten hadden geen voorgaande parodontale 
behandeling ondergaan (n=25), terwijl 13 van de patiënten zonder succes waren behandeld 
door een tandarts of mondhygiëniste. Al deze patiënten hadden SRB in tenminste één pocket. 
De diepste pockets werden bemonsterd door er een papierstift in te steken, vervolgens werd 
de aanwezigheid van SRB bepaald met ophopingscultuur. Al deze patiënten kregen 
professionele instructies voor mondhygiëne; de behandeling bestond uit scaling en 
rootplaning (SRp) met ultrasone en handinstrumenten. Zes maanden na de behandeling werd 
de aanwezigheid van SRB in de bemonsterde plaatsen vastgesteld en werden de klinische 
effecten van de behandeling geëvalueerd. De mechanische reiniging resulteerde in eliminatie 
van de parodontale SRB in 89% van de patiënten. De bloedingsindex van de patiënten werd 
daarmee in overeenstemming significant verlaagd. De aanwezigheid van SRB in pockets 
werd significant verlaagd bij patiënten met snel progressieve parodontitis, adulte parodontitis 
en refractaire parodontitis. Voor aanvang van de behandeling waren SRB aanwezig in 65% 
van 117 pockets. Scaling en rootplaning waren efficiënt voor verwijdering van SRB in 95% 
van de parodontale pockets, waar deze bacteriën aanvankelijk aanwezig waren. De eliminatie 
van SRB ging vergezeld van een klinische verbetering, de gemiddelde winst in aanhechting 
in deze pockets bedroeg 3 mm (p<0.001). Ook waren zowel de afname van de pocketdiepte 
als de afname van het optreden van bloeding bij bemonstering significant. Na de initiële 
behandeling waren SRB significant geëlimineerd bij elk type element.
Persisterende SRB kwamen voor in 11% van de patiënten, slechts 3% van alle 
bemonsterde pockets bevatten SRB na de initiële behandeling. De resultaten leken er op te 
duiden dat SRB moeilijker te elimineren waren bij patiënten die eerder onsuccesvol 
behandeld waren geweest, dan bij patiënten die voorheen niet voor parodontitis behandeld 
waren. De persistentie van SRB na behandeling was ook gecorreleerd met de pocketdiepte en 
bloeding. Samengenomen ondersteunen deze bevindingen de opvatting dat SRB geassocieerd 
zijn met parodontale aandoeningen.
Verscheidene genera van SRB bewonen het humane darmkanaal. Uit de SRB in de dikke 
darm werden voornamelijk Desulfovibrio soorten geïsoleerd, met name onder patiënten met 
colitis ulcerosa, waarbij 92% van de SRB als Desulfovibrio desulfuricans  werd 
geïdentificeerd. Daarom zou men kunnen verwachten, dat de meeste van deze commensalen 
uit de darmen eveneens in de mondholte aangetoond kunnen worden. Een darmsoort verwant 
aan dergelijke SRB uit het menselijke maagdarmkanaal echter, veroorzaakt darminfecties bij 
verscheidene diersoorten. Een andere, sterk verwante soort, die recentelijk ontdekt en slechts 
gedeeltelijk beschreven is, ‘Desulfovibrio fairfieldensis’, was betrokken bij verschillende
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gevallen van infecties bij mensen. Zoals beschreven in hoofdstuk 5, werden SRB geïsoleerd 
uit pockets van 10 verschillende parodontitis patiënten en gekarakteriseerd. Om deze 
parodontale SRB met soorten uit een andere omgeving te vergelijken, werden de 
fysiologische, biochemische en genetische eigenschappen van deze isolaten bepaald.
Eén van de stammen had gekromde, staafvormige cellen, die sterk beweeglijk waren. 
Voor de dissimilatoire reductie van sulfaat werd lactaat of pyruvaat incompleet geoxideerd 
tot een equimolaire hoeveelheid acetaat. In deze mesofiele vibrio waren desulfoviridine en 
cytochroom c3 aanwezig en het cellulaire vetzuurprofiel kwam overeen met dat van soorten 
van het genus Desulfovibrio. De 16S rDNA sequentie vertoonde een sterke overeenkomst van 
99.7% met het 16S rDNA van de voorgedragen soort ‘Desulfovibrio fairfieldensis’.
De negen andere stammen hadden staafvormige cellen, vertoonden een lage 
groeisnelheid en oxideerden substraat incompleet tot acetaat. Bij deze SRB ontbrak 
desulfoviridine, zoals bij soorten behorend tot het genus Desulfomicrobium. De 16S rDNA 
analyse van zeven van de negen isolaten gaf aan dat deze orale stammen sterk overeenkomen 
(99.5-100% gelijkheid in de sequentie) en dat zij een aparte aftakking binnen het genus 
Desulfomicrobium vormen. Het cellulaire vetzuurprofiel van een representerende orale stam, 
NY678, kwam overeen met dat van andere Desulfomicrobium soorten, maar vertoonde ook 
afwijkende eigenschappen. De fenotypische en fylogenetische analyses gaven aan dat deze 
staafvormige SRB uit de mondholte als een nieuwe soort kunnen worden beschouwd, 
waarvoor wij de naam Desulfomicrobium orale voorstellen. Aldus werd 90% van de 
geïsoleerde parodontale SRB geïdentificeerd als leden behorend tot deze nieuwe soort, 
Desulfomicrobium orale, terwijl ‘Desulfovibrio fairfieldensis’ sporadisch op parodontale 
plaatsen voorkwam.
Terwijl voor verscheidene parodontale bacteriën een pathogene rol in progressieve 
parodontale afbraak wordt gesuggereerd, is daarvan tot nu toe het meeste bewijs voor 
Actinobacillus actinomycetemcomitans en Porphyromonas gingivalis verkregen. Hoewel de 
aanwezigheid van deze twee soorten zinvolle indicaties kan geven voor de behandeling van 
vele patiënten, zijn zij afwezig in een aanzienlijk aantal gevallen van overduidelijke 
parodontitis en lijken zij niet de enige causale factoren te zijn die een rol spelen. Bij een 
cross-sectioneel onderzoek, beschreven in hoofdstuk 6, werden specifieke methodes voor 
microbiële detectie toegepast, om bewoners van parodontale pockets te kunnen vergelijken, 
die gewoonlijk over het hoofd worden gezien met gangbare kweektechnieken. Parodontale 
SRB werden gedetecteerd met ophopingsculturen en vergeleken met een microscopische 
spirochetentelling (n=168). Verder werden soortspecifieke oligonucleotide probes, gericht 
tegen het 16S rRNA, gebruikt om de aanwezigheid van A. actinomycetemcomitans, P. 
gingivalis, Bacteroides forsythus en Treponema denticola te bepalen (n=55).
Er werd een significante positieve correlatie gevonden tussen de aanwezigheid van SRB 
en het aandeel aan spirocheten in de subgingivale plak, hoewel de twee groepen bacteriën 
ook afzonderlijk voorkwamen. De aanwezigheid van SRB leek negatief te zijn gecorreleerd 
aan die van A. actinomycetemcomitans. In tegenstelling daarmee bevatten alle pockets met 
SRB ofwel T. denticola, o f zowel T. denticola als B. forsythus (12/14) vóór behandeling.
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Interessant genoeg kwam de combinatie van SRB met P. gingivalis voor in 32% van de 
parodontale pockets voor behandeling. Na initiële parodontale behandeling was deze 
combinatie gereduceerd tot 2% van de monsterplaatsen en tot 25% van de monsterplaatsen 
bij recall patiënten onder nabehandeling. Er was een positieve correlatie tussen de 
aanwezigheid van SRB en die van T. denticola, B. forsythus en P. gingivalis in parodontale 
laesies. Deze verondersteld pathogene soorten vormen een complex, dat sterk geassocieerd is 
met destructieve parodontitis.
De context met recente inzichten en publicaties over het onderwerp zijn in hoofdstuk 1 
geplaatst. Voor de toepassing van SRB bij de diagnostiek van parodontale aandoeningen zou 
meer onderzoek nodig zijn. Toch geeft het onderzoek in dit proefschrift aan, dat bepaalden 
van deze groep bacteriën gebruikt zouden kunnen worden als risico indicator bij de keuze van 
behandeling. Op dergelijke overwegingen en mogelijkheden wordt vooruitgeblikt in 
hoofdstuk 7. Nieuwe combinaties van diagnostische testen zouden een betere voorspellende 
waarde voor parodontale behandelingen kunnen bieden.
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